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PREFACE 


The Antenna Engineering Handbook” is intended to serve as a com- 
pendium of antenna design data and principles. Although it is expected 
that It will prove most useful to the engineer who is actively engaged in 
designmg antennas, it will also be of considerable use to the electronic 
sptems engineer who desires to understand the capabilities and limita¬ 
tions of the antenna as a component. The treatment is at the engineering 
level and is directed toward an understanding of antenna problems in 
addition to presenting an extensive collection of design data. Within its 
scope, It IS believed that this handbook represents the most comprehen- 
antenna art which has appeared in book form to 

To keep the size of the Handbook within reasonable bounds, it has been 
necessary to select for presentation only those areas which are of greatest 
current importance to the antenna engineer and designer. Accordingly 

thlt'hlvA *1^® coverage is given to antenna types and structifres’ 

that have found extensive use in practice or that have a large potential 
for such use. Theoretica discussions and mathematical formulaLns are 
given only where essential to understanding. Wherever possible, results 
have boon presented in gruphitjal or tabular form. 

organized into four major groups of chapters, as 

I. Introduction and Fundamentals 

II. Antenna Types and Methods 

III. Applications 

IV. Topics As.sociated with Antennas 

The first group consisting of Clhaptors 1 and 2, delineates those proper- 
cs fundaincntals, and basic, relationships which are common to all 
antennas. Chapter 2, which deals with fundamentals, is not intended as 
a substitute for the several excellent textbooks which are available It 
docs however, state in very concise form many of the principles and 
mathematical relationships which are in continual use by antenL engi- 
neers. Certain sections of Chapter 2 have been expanded somewhat out 
proportion to the rest of the chapter in order to provide supplementary 
background information for some of the later chapters. ^ 

The second group, consisting of Chapters .3 through 18, deals with basic 


IX 



X 


PREFACE 


antenna types and methods. This group of chapters treats the properties 
and design relationships of many different classes of antennas, without 
regard to the applications in which these antennas are used. Although 
the classification of antenna types has been made on an arbitrary basis, 
it is believed that virtually every basic antenna type which is in common 
use has been treated in one or another of these (chapters. Wherever 
possible, design and performance data have been given. Where this has 
not been possible, qualitative information has been given along with 
representative literature references on a particular structure. No 
attempt has been made to give an exhaustive bibliography since this in 
itself would constitute a sizable volume. However, many of the more 
important references have been cited. These should serve as a starting 
point for those who desire to search the original literature. 

The third group of chapters, 19 through 29 in(‘.lusive, treats a number 
of areas of application in which the antenna art plays a significant role. 
Although the applications dealt with cover a large proportion of present- 
day uses, a number of military applications have been omitted for security 
reasons. The areas of application which arc treated have been chosen 
either to extend the information given in the second group of chapters or 
to indicate qualitatively some of the important uses to which antennas 
are being put. 

The final group of chapters, 30 through 36 inclusive, deals with topics 
associated with antennas. These chapters have been iinduded because 
they are essential to the antenna engineer and contain a wealth of useful 
information. It is necessary for the antenna engineer to have a working 
knowledge of radome problems, propagation problems, and mechanical 
design problems even though he need not be an expert in all of these areas. 
The areas of transmission lines, impedance-rnatc^hing techniciues, and 
measurement problems are equally as important as tlu^ basic design of 
the antenna and fully deserve the detailed treatimmt whi(di they have 
been given. 

A limited amount of overlap between chapters will bo found, although 
this has been eliminated wherever possible. In the few cases where over¬ 
lap does exist, it has generally occurred because of the desire to make a 
chapter more self-consistent or because different aspectts of a subject have 
been treated in the different chapters. The reader is advised to carefully 
check the index and the table of contents when looking up information in 
a specific area. For example: Yagi-Uda antennas are treated in Chapters 
5, 16, and 24, while omnidirectional antenna systems are discussed in 
Chapters 5, 16, 22, 23, and 26. Similar diversity of treatment will bo 
found for a number of other topics. 

This handbook would not have been possible without the efforts of the 
many outstanding engineers who have cooperated in writing the indi¬ 
vidual chapters. Thanks are due also to the Institute of Radio Kngineers 
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for its kind permission to use material from its publications. Finally, the 
editor would like to express appreciation to his wife, Esther, for her con¬ 
tinuing assistance during the preparation of this handbook. 

Care has been taken to credit sources of information by reference and 
any omission is due to oversight rather than intention. While diligence 
has been exercised in proofreading, a few errors may remain. The editor 
would appreciate being advised of such errors and receiving suggestions 
as to how the usefulness of the book could be improved in future editions. 


Henry Jasik 
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PROPERTIES OF ANTENNAS 
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1.1. INTRODUCTION 

of any elect,ronio Bystem whieli doponcls on free 

sLce and^Krtr^^^^-tr antenna is the connecting link l)etween free 

SniL 1 As sucli, it plays an essential part in deter- 

mining the cliaracteristi<;s of the system in which it is used 

ch^cteriLrlfTh/”' navigatlond or direction-finding purposes, the <.perational 
«T,t«n!o i *U are designed around tlio directive properties of the 

nm^fr systems, the antenna may be used simply to radiate energy in an 

omnidirccttonal pattern in order to provide a broadcast iype of coverag^ ^n“t 

V w point-to-point communications, the antenna may liave a 

interference rrHlSj 

antenna which are most often of interest are the radiation 
nmneri’ Ram, and impedance. For a linear passive antonna ihese 

threm!“«'««ivin« I’y virtue of the reciprocity 
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is usually the first property of an antenna that is specified, once the operating fre¬ 
quency has been stated. 

The most common types of radiation patterns are as follows: 

1. Omnidirectional or broadcast-type pattern 

2. Pencil-beam pattern 

3. Fan-beam pattern 

4. Shaped-beam pattern 

The omnidirectional or broadcast-type pattern is used for many broadcast or 
communications services where all directions are to be covered equally well. The 
horizontal-plane pattern is generally circular while the vertical-plane pattern may 
have some directivity in order to increase the gain. 

The pencil-beam pattern is a highly directional pattern whitdi is used when it is 
desired to obtain maximum gain and when the radiation pattern is to bo concentrated 
in as narrow an angular sector as possible. The beamwidths in the two principal 
planes are essentially equal. 

The fan-beam pattern is similar to the pencil-beam pattern exeei)t that the beam 
cross section is elliptical in shape rather than circular. The beaniwidth in one plane 
may be considerably broader than the beamwidth in the other plane. As with the 
pencil-beam pattern, the fan-beam pattern generally implies a ratln^r substantial 
amount of gain. 

The shaped-beam pattern is used when the pattern in one of the principal planes 
is desired to have a specified type of coverage. A typical example is the cosecant 
type of pattern which is used to provide a constant radar return over a range of 
angles in the vertical plane (cf. Sec. 25.4). The pattern in the other prin(upal plane 
is usually a pencil-beam type of pattern but may sometimes be a circular pattern as 
in certain types of beacon antennas. 

In addition to the pattern types just discussed, there are a number of pattern 
shapes used for direction finding and other purposes whicih do not fall under the four 
categories listed. Some of these patterns include the well-known figure-of-(ught 
pattern, the cardioid or limacon pattern, split-beam patterns, and multilobed patterns 
whose lobes are of substantially equal amplitude. For those patterns whicdi have 
particularly unusual characteristics, it is geiu*rally n(*(‘essary to speedfy the pat.tern 
by an actual plot of its shape or by the mathematical relationship which describes 
its shape. 

1.3. CHARACTERISTICS OF SIMPLE PATTERNS 

For antennas which have patterns of simple shape, the important characteristics 
of the patterns can be specified by the beamwidth and side-lolx^ level in the two 
principal planes, usually taken as the E plane and the // plane. The E plane is 
parallel to the electric-field vector and passes through the antenna in the direction 
of the beam maximum. The H plane is perpendicular to the E plan<^ and also i)aHSCS 
through the antenna in the direction of the beam maximum (see also Sec. 34.3). 

The beamwidth in a principal plane of the radiation pattc^rn is defined by the 
angular width of the pattern at a level which is 3 db down from the beam maximum. 
This is normally called the half-power beamwidth. Although then^ an‘ other defini¬ 
tions for the beamwidth, the above usage is almost univiTsal in thc‘ United States. 
The definition of antenna beamwidth as used throughout this handbook is to bo 
taken as the half-power beamwidth, except for a few cases where it is specifically 
stated in other terms. 

The side-lobe level is specified with reference to the maximum of the main beam 
and is generally expressed in db down from the main beam. Hide lobes are undesirod 
radiation lobes which are separate from the main beam. Sin<^c they do not con- 
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S,“ltd ‘‘ “ <'«'**'>i” ‘o w •!.« 

«dn b«. „d »„«»%, j z “"‘° 

1.4. POLARIZATION 

po ar coordinate system as shown in Kg. 34-lT(page sSaT components m a 

bStSTslSrtdSe)" "*' “'• ““■» "«>««.ndcdt ,Si 

polarization is perpendicular to the intendpH nnl Pdanzed antennas, the cross 

the cross PolarLuon mTbreonsidor^^^^^ polarization. For circular polarization, 

rotation opposite to that of the intended sense ^ A moreT* 

deviation from perfect circular ^ of specifying 

elliptioity (cf. Secs. 17.1 and 34.6). *** ***** ™**° **^o 


1.6. GAIN 

ic frequently used as a figure of 
the radiation patterns of an antenM. *'*^**^’ '^*'****' ** dependent upon 

given d1rection°toThr max^um^adiL^**^*° radiation intensity in a 

from a reference antenna w“hThe aa^r“ produced in the same direction 

commonly used is the isotronic radiat roforenoo antenna most 

radiates uniformly in all directions The’half lossless antenna which 

reference antenna, altLgh T® “ “’metimes used as a 

reference. “‘‘Pough present-day usage favors the isotropic radiator as a 

gain is the same as the direTSy (rf Sc 2 S hIp .*“****’ **“' 

computed from either thonm+i/^o i • i 1- ^ while directivity can bo 

the gain of an antenna is almost al^avH°^^t*°°*°"^ I'u”* radiation patterns, 

ment against a standard-gain antenna (cf. sTJ^i ^ comparison measuns 

effectre "et roTtnllVwtn S d"“'S ^he 

receiving antenna or to comnute the compute the energy collected by a 

free space. transmission loss between two antennas in 
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1.6. IMPEDANCE 

The input impedance of an antenna system is of considerable importance to the 
systems engineer since it directly affects the efficiency of energy transfer to or from 
the antenna. The over-all input impedance of an antenna system depends not 
only on the impedance of the individual antenna elements but also on the mutual 
impedance between elements as well as the transmission lines and transmission-line 

poTients which are used to interconnect the antenna elements. The over-all 
design of a complex antenna system will therefore be governed as much by the details 
of the interconnecting transmission line as by the characteristics of the individual 
antenna elements. If a large operating bandwidth is desired, each element and 
component of the antenna system must have favorable impedance properties over 
the band of operation. 

While it is possible to compute the properties of many transmission-line and wave¬ 
guide components (cf. Chaps. 30 and 31), it is extremely difficult to theoretically 
determine the impedance characteristics of an antenna clement other than those 
elements which have relatively simple geometrical shapes. Even for the simple 
cases, many pitfalls exist, and it is generally preferable to use theoretical antenna 
impedance values primarily for the purpose of interpreting and guiding the experi¬ 
mental measurement procedure. 

1.7. BANDWIDTH 

Unlike some of the properties which have been treated previously, the bandwidth 
of an antenna or antenna system does not have a unique definition. Depending 
upon the operational requirement of the system with which the antenna is to be used, 
the functional bandwidth of an antenna may bo limited by any one or several of the 
following factors: change of pattern shape or pattern direc.tion, increases in sidivlobo 
level, loss in gain, change of polarization characteristics, or deterioration of impedance 
characteristics. For antennas where all of the factors mentioned are important, one 
of the factors, such as gain or impedance, will determine the low-freciuency limit 
while another factor, such as change of pattern shape, will deU^rrnine the high- 
frequency limit. In general, then, the only appropriate definition for the bandwidth 
of a particular antenna is that band within which the antenna meets a given set of 
specifications. 

Despite the difficulty of uniquely specifying bandwidth, it is possible to make a few 
observations regarding the factors which tend to limit the bandwidth of certain 
simple antenna structures. For antennas of relatively small dimensions (i.e., when 
the linear dimensions are of the order of a half wavelength or hiss), the limiting factor 
is most frequently the impedance performance. For many (drcularly polarized 
antennas, the polarization characteristics prove to be the limiting fac.tor on band¬ 
width. For end-fed linear arrays, the pattern dirc^d-ion will deviate excessively 
long before the pattern shape or impedancH^ characteristics deteriorate. 

There are several situations where it is possible to mak(^ som(^ linn estimates con¬ 
cerning bandwidth. One situation arises when it is necessary to facre the problem 
of matching an antenna which has a known impedanc(^ variation ov(t a given fr<j- 
quency range. By determining the equivalent Q of the anhuina (see See. 2.1*1), it is 
possible to determine the lowc^st theoretically obtainable standing-wav(‘ ratio ovc^r 
a required bandwidth with a given number of network el(u»H*nts. (’onvcTsely, it is 
possible to determine the maximum bandwidth for a permissible valu(* of standing- 
wave ratio. 

It is to be noted that the bandwidth of the antenna is (Titically dependent on its 
value of Q; the higher the Q the less the bandwidth. This (!Ould be rcistatcd to 
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indicate that the larger the amount of stored or reactive energy as compared to the 
radiated energy, the lesser will be the bandwidth. 
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2.1. RADUTION FROM ELECTRIC-CURRENT ELEMENTS 

One of the types of radiators frequenUy used in antenna prataiec is some form of 
One 01 xne lypes u „„fi.„„otinn If the current distribution on such a 

thin wire arranged m ® ^ reasonable degree of accuracy, then the 

wire 18 the radiated power can be computed. This computation is 

basTd o°n £ nigration of the effects due to each differential element of the current 

» So™ 2-:. Tho rm. .teolri.- .nd ^gnotio-Md o„mpo.„.t, ^ 

given as follows: 

Er - 60/3«/ d* - -^J cos 

■ i30|3*/ dz 

: i ^ I dz\ — — tAjI ® 

^ ^ IPr ((8r)*J 

. Hr = He =0 

where / dz - moment of differential current element. / is given in rms amperes and 
dz is given in meters 

r = distance in meters to observation point 
|3 = 2tA 

X sa wavelength, meters 

E is given in volts per meter 
H is eiven in amperes per meter 

A time factor of e^“‘ has been omitted, since for all the eases in wliieli we are inter¬ 
ested it is assumed that we have a sinusoidally time-varying eiirrent of eoiistant 

frc(iucncy. 

- For most probloins of interest it is only 

necessary to know th(^ components in the far 
field, i.e., when r is very much greato than 
the wavelength. Under tln^ae conditions, 
the field compomuits are simply given by 


Ed 

Hefe 

E^ 



Eo 


lU 


j ^ sm 6v 


. i\i)nl d. 
= •' rX 

. dz 

' Airr 
Eli 

“ lliOir 


sin ev 
sin 0 f 


Fio. 2-1. Coordinate system for clcwitric. 
dipole. 


Thes<‘ expr(‘KHions apply only for a very 
short element of current having a constant 
value along its length. However, they may 
readily be used to (haermiiKi the field from 
any wire having a known current distribution by integrating the fitld 
each of the differential current elements along the length of the antenna, laking 
into account the variation of current and the phase differential due to the varying ih- 
taiice from the observation point to each current element, the g(‘ueral expression 
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for the field of any current distribution becomes 


. 6(hr sin e r V2 


rX 


ri/2 

J-t/2 


I(z) dz 


where both I{z) and r{z) are now functions of z and the integration takes place along 
the length of the antenna from —//2 to +1/2. 

For very short antennas, the above expression 
can be simplified to 

. GOtt sin d r 
Eb ^ 3 - ^ 

where /o = current at center of antenna 

Le = effective length of antenna defined as 





1 {‘ 

hj- 


t/2 

H2 


I(z) dz 


(a) (b) 

Fig. 2-2. Current distribution on 
short linear antenna: (a) With 
top loading. (6) Without top 
loading. 


The effective length is of interest in determining the 
open-circuit voltage at the terminals of a receiving 
antenna. It is also used on occasion to indicate the effectiveness of a transmitting 
antenna. 

For a short top-loaded linear antenna which has uniform current distribution as 
shown in Fig. 2-2a, the effective length is simply equal to the physical length. For 
a short antenna which is much less than a half wave long, as shown in Fig. 2-26, the 
current distribution is essentially triangular and its effective length is one-half of its 
physical length. 

For antennas with an over-all length greater than about a quarter wavelength, the 
variation of the phase term cannot be neglected and the integral must be evaluated 
taking this term into account. The method will be very 
briefly illu.^trated for the case of a thin half-wave radiator 
which can be assumed to have a sinusoidal current distribu¬ 
tion so that I{z) is given by /o cos /3z. The geometry for 
finding r(z) is shown in Fig. 2-3, from which it is readily seen 
that 

t{z) 



r -- z cos 9 

The field for a half-wave dipole is then given by 
GOr sin 9 


.7- 


rX 


Fig. 2-3. Coordimitea 
for (^oinpiiting radiuiioti 
from half-wavo dipole. 


which reduces to 


Eo 


/ f/2 

COS /3z dz 

— 1/2 

sin 9 


cos 




The relative-radiation pattern for a half-wave antenna is shown in solid lines in 
Fig. 2-4. For eornparison purposes, the relative-radiation pattern of a very short 
dipole is shown in dotted lines. The patterns shown are those in a plane which 
contains the axis for the antenna. The pattern in the plane perpendicular to the 
antcuina is perfectly circular because of symmetry. 

There are a number of other properties for the htilf-wave dipole which arc of con¬ 
siderable interest, such as the radiation resistance, gain, and input impedance. These 
properties are discussed in Secs. 2.6 and 2.6 and in Chap. 3. 
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The method of computing radiation patterns for thin linear radiators is basic, 
The mei^noa oi cu ® _» shane. As a matter of interest, the following 

regardless of the 1®^ P ^ center-fed thin wire of arbitrary length t with 

formula gives the rad a ^ assumed sinusoidal current distribution: 

cos (^ cos 0^ — cos ^ 

„ .OO/oC-^^ \J _/._2 

r sin $ 

It will be noted that the radiated field 
perpendicular to the antenna continues to 
increase as the length is increased until the 
over-all length is about IJ-i wavelengths. 
Beyond this point the field starts falling 
off. When the over-all length is two 
wavelengths, the field is zero normal to the 

_ _ axis of the antenna. For this length, the 

radiation pattern has broken up into two major lobes which arc directed off the normid 

to the anLna. For still longer length the antenna pattern wdl ‘‘‘'jf 

up into a large number of lobes whose positions depend on over-all length of the 

antenna (Chaps. 3 and 4). 



- half-wave dipole 

-SHORT DIPOLE 

Fig. 2-4. Radiation patterns: 

Half-wave dipole.-Short dipole. 


2.a. RADUTION FROM MAGNETIC-CURRENT ELEMENTS 

Another basic radiator which is frequently used in antenna practice is a magnetic- 
current element. Although magnetic currents do not exist in nature, there we a 
number of configurations which produce fields identical with those which would be 
produced by a fictitious magnetic current. For instance, a circular Iwip carrying 
Lctric current whose diameter is very small in terms of waveleiigths will produce 
fields which are equivalent to those of a short magnetic dipole. The fulds for any 
distance are given by the following expressions; 

£7, = = H0 = 0 

where the coordinate system is as shown in Fig. 2-5, and dm is d.dined as the ilifferential 
magnetic-dipole moment. For a small-diameter loop, the magnetic moment of the 
loop is equal to the electric current I flowing through the loop its arcii A. 

For the far field, when r is very much greater than the wav(‘l(‘ngth, the fu'ld eoin- 

pononts reduce to 

„ 30/3* dm . ^ 

— tl- — 8 in e V 

/3* dm 


Hu - - 


4Trr 

l‘20ir 


sin Be 


It wiU be noted that the field expressions for the magnetic-current element are 
almost exactly analogous to those for the electric-current clement except for the 
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mterchangc of electric and ma^etic quantities. The radiation of a short magnetic 
dipole or a small-diameter loop is also a doughnut pattern, as for the case of an electric 
dipole. For a small loop the radiation pattern in the plane of a loop is perfectly 
circular while the pattern in the plane through the axis of the loop is a figure of 
eight whose amplitude is proportional to sin e. The expressions given are accurate 
for loop diameters which are considerably less than one-tenth wavelength. As a 
matter of fact, for very small loops the radiation pattern does not depend on the 
exact shape of the loop, which may bo square, rectangular, or some other shape, 
provided the over-all circumference remains 
much less than a quarter wavelength. 

For loops whose diameter is of the order 
of the wavelength, the radiation pattern can 
deviate considerably from the doughnut 
form, depending on the nature of the current 
distribution along the loop and diameter of 
the loop. These considerations are treated 
in Chap. 6. 

Another antenna whose radiation charac¬ 
teristics are essentially similar to those of a 
magnetic dipole consists of a very thin slot 
in an infinitely large metallic ground plane, 
as shown in Fig. 2-6a. For this type of 
antenna, the electric field is applied across 
the narrow dimension of the slot. It is 
possible to show that field radiated by this 
slot is exactly the same as would be radiated by a fictitious magnetic dipole with a 
magnetic-current distribution M which is numerically equal to the distribution of 
electric voltage V across the slot. Thus the radiation pattern of a thin rectangular 
slot is identical with the radiation pattern of the complementary electric dipole which 
would just mi the slot, as shown in Fig. 2-66. The only difference between the two 
types of radiators is the fact that the electric and magnetic quantities have been inter¬ 
changed. This complementary relationship has been treated in considerable length 
in the lit(jrature and is briefly discussed in Chap. 8, so that it wiU not be elaborated 

on in this section. 

It is pertinent to point out a few precau¬ 
tions concerning the application of these com¬ 
plementary relationships. For one thing, the 
complementary relationship is based on the 
assumption that only electric field exists 
within the slot and that no magnetic field is 
present. This is true oixly for vanishingly 
thin slots. For slots whose width is appreci¬ 
able in comparison with their length, the above 
assumption is no longer valid and the radiation 
pattern will be somewhat modified as com¬ 
pared with the case of the very thin slot. 
Another aasuiniition on wliieh the eomplementary relationship is based is that the size 
of the conduoting ground plane is infinitely largo. This, of course, is never true in 
practice, and for finite ground planes, the size of the ground plane may exert a large 
influence on the radiation pattern, substantially, particularly at angles close to the 
plane of the sheet. Even for sheets which are fairly large in terms of wavelength, 
there are some minor modifications of radiation pattern, as shown in Chap. 8. 

It might also be mentioned that the complementary relationship holds only when 
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the slot is cut in a large flat ground sheet. For slots cut in circular cylinders, tHo 
pattern can be considerably different from that predicted by the e()mj)l(*in(»utary 
relationship, particularly in the plane perpendicular to the axis of the cylindc'r. How¬ 
ever, use of the complementary relationship is still very us(»ful to the (uigin(‘(»r as 
intuitive guide, and while in many cases the results will not be exact, tlu^y will cor- 
tainly give a first approximation to the actual radiation pat.tern. 

2.3. ANTENNAS ABOVE PERFECT GROUND 

The characteristics of antennas operating near ground level will be modified by the 
effect of ground reflections. This is particularly true of antennas opc^rat.ing at fr<‘- 
quencies below 30 Me where the height of the antenna above ground may b(» 1 (*sh than 
one or two wavelengths. For airborne antennas or for larg(^-ap(‘rtur(^, narrow-lxuiin; 
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Fig. 2-7. Images above a perfectly conducting ground plane: (a) Point charge. (6) Vor¬ 
tical wire, (c) Horizontal wire, (d) Inclined wire. 

antennas, where the main beam is elevated upward at least s(»v(‘ral bt^amwidths, the 
ground may play a relatively small role. In till cases, th(^ ground will play a i)art in 
the propagation between transmitter and receiver and, to computer its (dT(»et, the char¬ 
acteristics of the ground and the geometry of the propagation path must be known, 
as well as the pattern characteristics of the receiving and transmitting antennas. 

For antennas at relatively small heights above ground, the ground is a basic part 
of the antenna system and will affect not only the radiation pat.tern of the antenua, 
but also its impedance properties. In order to obtain a first-order (estimate of tho 
effect of ground, simple image theory can be applied to the case* of a perfeudly conduct¬ 
ing ground surface. It is well known from electromagn(*tie. th(*ory that the tangential 
field on a perfect conductor must be zero and that the electric fi(*ld must be normal 
to the conducting surface. To satisfy this requinunent, a conducting charge ahovt^ 
a conducting plane will induce a charge distribution on th<^ plane* etxaedly (*(]uivalent 
to that which would be produced by an equal charge of the* opjM>sit(» sign at the aamt* 
distance below the plane, as shown in Fig. 2-7a. Since curreuit is a me)vement of 
charge, it is reaelily possible to deduce the direT.tiem e)f the* iinagc*s fe)r veirti<*al, hori¬ 
zontal, and inclined wires above ground, as she)wn in Fig. 2-76 d. The image* fe)r any 
other configuration can readily be determine*el by using the* rule* that vertical ce)mpo- 
nents are in the same direction while horizontal e:e)mpe)ne^nts arc in e>ppe>site'! dire’ictioiiK. 

The field in any direction above the greainel plane* can e*asily be* el{*te*rmined by 
replacing the ground plane by the image anel ce)mputing the re*sulting fielel elue to the 
antenna plus its image. This is valid only above the gre)unel plane*, since for a perfect 
conductor the field below the ground plane is zerei. 

Although the above method is rigorously true e)nly for antennas above highly 
coimucting ground, it does give good results in many cas(*s of int<*r(*si. The same 
technique can be used where the ground has arbitrary values of conduc.tivity and 
dielectric constant by assuming an images current which is r(*lat(*(l to the antenna 
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current by the ratio of the complcx-reflcction coefficient for the appropriate ancle of 
incidence (Sec. 33.2). 

The effect of the ground on the impedance of an antenna can also bo determined 
by image theory. For instance, the input impedance of an antenna above perfectly 
conducting ground is simply the input impedance of the antenna in free space plus 
the mutual impedance due to the image antenna. For arbitrary ground, the same 
sort of relation is stiff true except that the mutual impedance due to the image must 
be multiplied by the complex-ground-reflection coefficient for normal incidence. 

A special case of considerable interest occurs when one end of the antenna termi¬ 
nates at the ground. For this case, the input impedance of the antenna above ground 
is exactly one-half of the input impedance of the antenna plus its image when driven 
in free space. For example, the input impedance of a quarter-wave dipole above 
ground is exactly one-half that of a half-wave dipole in free space. 

2.4. RADIATION FROM APERTURES 

The computation of radiation patterns for linear-wire antennas is relatively simple 
if the current distribution on the wire is known. The current distribution is not 
usually ^own exactly except for a few special cases. However, physical intuition 
or experimental measurement can often provide a reasonable approximation to the 
current distribution, and for many engineering purposes a sufficiently accurate result 
can be obtained. In theory, of course, an exact result can be derived from a boundary- 
value solution if the nature of the exciting sources is known. From a practical point 
of view, the amount of labor involved in obtaining numerical results is excessive 
even for those cases where the geometry is relatively simple and a rigorous solution 
can be expressed in terms of a series of tabulated functions. It is therefore necessary 
in many situations to bo able to compute the radiation pattern by alternative methods 
based on a reasonable assumption of the nature of the electromagnetic fields existing 
in the vicinity of an antenna structure. 

The Equivalence Principle. One powerful technique for simplifying this type of 
computation makes use of an equivalence principle given by Schelkunoff.^** Briefly 
stated, this principle supposes that a given distribution of electric and magnetic fields 
exists on a closed surface drawn about the antenna structure. These fields are then 
canceled by placing a suitable distribution of electric- and magnetic-current sheets 
on the closed surface such that the fields inside the (dosed surface are zero. The 
radiation is then computed from the electric- and magnetic-current sheets and, except 
for a difference in sign, is identical to the radiation which would have been produced 
by the original sources inside the closed surface. It will be noted that this principle 
is essentially a more rigorous formulation of Huygens' principle. If the fields on the 
closed surface are known exactly, then the resulting computation is also exact. The 
degrcie of approximation whie.h can be obtained by this technique depends only on 
how ac.curaUdy the licdds across the closed surface may bo estimated. 

When the eh'ctric- and magneti(i-fi(dd strengths arc respectively given by E and H, 
then the ecpiivalent densities are given by 

El(xd.ri(Mmrr(uit (huisity: J = n X II 

Magn(iti(5-(;urr(uit density': M = —n X E 


where both J and II are expressed in amp(T(‘H p(‘r met.er and M and E are expressed 
in volts per m(*ter. 

Th<i vo(d.or cross j)roduct has bee.n used to show tliat the electric current is per¬ 
pendicular to clinMition of ])ropagation and to the magnctic-fi(dd vector. If the 
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initial S and H fields are as shown in Fig. 2-8o, then the resulting electric and magnetic 
currents are directed as shown in Fig. 2-86. 

One way of visualizing the effect of a small portion of the wavefront is to consider 
the physical equivalent of the electric- and magnetic-current sheets. The electric 
current is equivalent to a short electric dipole, while the magnetic current is equivalent 
to a short magnetic dipole or a small electric-current loop, as was discussed in Sec. 2.2. 
The electric dipole is oriented in the direction of the electric field while the electric- 
current loop is located in the plane defined by the electric field E and the direction of 
propagation n, as shown in Fig. 2-8c. 



“ r pattern in the plane of the loop, the component due to 

the eleetnc dipole will have a cos 9 type of variation while the component due to the 
electrie-eurrent loop will have a circular pattern as shown in Fig. 2-9a. For a portion 
of wavefront m free space in which the and ff fields arc related as 

E = VZOttH 

np+L***^ amplitudes of the two components will b<» such that the radiation 

Ptg^ih combination is given by (1 + cos 9) or a cardioid pattern as shown in 

concept of the electric- and magnctic-currcnt sheets is most useful for 
it is nos^^W^°“® * Pliysical picture of radiation from apertures, 

i JinS 1 reradiated field from an aperture directly in ter^ of the 

t^gentml electric- and magnetic-field components in the aperture itself. Referring 
g. -- 0, the aperture lies in the xy plane with field components E,M and HyW. 
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At a distant point P, the radiation components of the electric field are given by 
Ee = —cos 9] dx dy 

Et = +i[P,(<‘) cos $ + 120irH,<»>] dx dy e-i^ 

The above is true for an aperture in which and take on arbitrary values. 
An important special case is that in which the field components are the same as exist 
in a free-space plane wave. For this case 

and the distant fields are now given by 

Ee = — 4 - cos $) dx dy 

E^ => + cos 6) dx dy 

zxr 

Applications of the Equivalence Principle. One typical application of these results 
is to the problem of determining the radiation patterns from an electromagnetic 
horn.* The tangential fields at the aperture of 
such a horn can be approximated by assuming 
that the fields at the aperture plane are the same 
as would be obtained if the guiding surfaces of the 
horn were extended to infinity. Although not 
(^xact, this assumption is quite good when both 
linear dimensions of the aperture are greater than 
one or two wavelengths. After this assumption 
of the electric and magnetic fields at the aperture, 
the far-field relationships are then formulated by 
taking the fields across the aperture and integrat¬ 
ing over the aperture, taking into account the 
amplitude and phase variations of the field in- 
cadent on the aperture and the phase differential 
due to the varying distance from the observation 
point to each area element of the aperture. 

The above method gives results which arc good to a high degree of approximation, 
particularly for large-aperture horns. The equivalence principle can also be used 
with sniall-ai)orture horns, but caution must be exercised with regard to the assump¬ 
tions of tlie relative values of electric- and magnetic-field strengths. In small horns, 
it is not true that the aperture fields are those which would exist if the waveguide 
were extended to infinity. For instance, in a waveguide radiator whose E-planc 
widtli is small, tlie field at the aperture will be predominantly electric and the mag¬ 
netic; field may hc^ quite small. For this condition, the equivalent current sheet will 
consist mainly of magnetic current, and for a small aperture this will have a sub¬ 
stantial effecit ori tlie radiation pattern, particularly in the E plane. For those cases 
where it is imssildc* to measure the standing waves in the waveguide leading to the 
aperture, it is possilile to estimate the relative values of electric- and magnetic-field 
strength at the ai^erturc and to make a first order correction to the radiation-pattern 
computation. 

The ecpiivalence principle can also bo used to determine the radiation from the open 
end of a coaxial line. For this case, the field at the aperture is predominantly electric, 
with only a small component of magnetic field. The field variation in the aperture 


z 



Fig. 2-10. Coordinates for current 
sheet computation. 
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is assumed to be that of the donunaut mode in the coaxial line. The problem is 
readily formulated in cylindrical coordinates.* 

Another problem which can be solved using the equivalent-current-sheet method 
is the case of reflection from a conducting sheet such as a paraboloidal reflector or a 
plane reflector as used in microwave relay applications. To formulate this problem, 
the tangential fields that would have existed if the reflector were not present are 
determined. When the reflector is present, the electric field vanishes at the surface 
of the reflector while the tangential magnetic field is doubled. The far field is then 
determined by using only the magnetic-field term for the aperture field and integrating 
over the surface, taking into account variations of the aperture field amplitude and 
phase and the phase differential to the observation point. 

2.5. IMPEDANCE PROPERTIES OF ANTENNAS 

Self-impedance. The input impedance of an antenna is a characteristic of con¬ 
siderable interest to the engineer since he is concerned with the problem of supplying 
the antenna with the maximum amount of transmitter power available, or in abstract¬ 
ing the maximum amount of received energy available from the antenna. Except 
for the simplest types of antenna configuration, the theoretical computation of the 
input impedance is an extremely arduous task and for a large number of antenna 
types it is usually easiest to make a direct experimental measurement of the input 
impedance. However, for linear antennas which are relatively small in size, it is 
possible to make some reasonably good estimates as to the magnitude of the input 
resistance. It is also possible to assess, with a reasonable degree of accuracy, the 
mutual impedance between linear radiators for the purpose of estimating the input 
impedance of an individual element in an array of radiators. 

In most practical cases, the input impedance of even a simple antenna is affected 
to a considerable degree by the terminal conditions at the point where the trans¬ 
mission line feeds the radiator. For most accurate results, it is therefore necessary to 
measure the various impedances involved and to use the calculated values primarily 
as a guide during the design procedure. 

For very short wire dipoles, the radiation resistance is a quantity which is closely 
allied with the resistive component of the input impedance. The radiation resistance 
is normally defined as the ratio of the total power radiated by an antenna divided by 
the square of the effective antenna current referred to a specified point. For short 
antennas this is a useful quantity because it enables one to estimate the over-all 
radiation efficiency of the antenna by separating the radiation component of the input 
resistance from the loss resistance due to the ground system, or the loss resistance due 
to the impedance matching elements. 

To compute the radiation resistance, it is necessary to know the radiation field 
pattern of the antenna in terms of the current flowing at the point to which the radia¬ 
tion resistance is referred. The total radiated power is then computed by integrating 
the total power density passing through a sphere surrounding the antenna. This 
computation will be carried through very briefly for the case of a very short dipole 
having an effective length and carrying a current /o. The clectric-fH'ld intensity 
for this antenna is given in Sec. 2.1 as 


\Ee\ = 


flOTr/pLa 

rX 


sin 0 


The power density in the far field is given by the Poynting vector, which is ecjiial to 
E$^/i2(h’, where the electric field is given in rms volts per meter and the power density 
is expressed in watts per square meter. Integrating over a large sphere surrounding 
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the antenna, we then obtain 

r IT 

^“io l2o;2’rr*sin»d9 
_ 80ir«/„>Z,.» 

x« 


Dividing thie reault by /o*, we obtain 

R. = 


where A. is a radiation resistance in ohms. It will be noted that the important 
ywiablc 18 the ratio of the effective length L, to the wavelength and that the larger 
this ratio the greater the radiation resistance. Thus for a short antenna of physical 
length t winch is top-loaded so as to give a uniform current distribution, the effective 
tength will be equal to the physical length and the radiation resistance will be 8(hr«^/X>. 
For an antenna with no top loading, the current distribution will be triangular (Sec. 
2.1) Md the effective length will be equal to one-half the physical length, so that the 
radiation resistance wiU be 20 t«^/X«. It can be seen that the radiation resistance 
for the uniform-current case is thus equal to four times that obtained in the case of 
tri^gular current distribution, despite the fact that the radiation pattern and direc¬ 
tivity are the same for both antennas since their length is small with respect to the 
wavelength. ^ 

The problem of computing the input impedance of a dipole of finite diameter whose 
length IS of the order of a half wavelength is one that has been considered at great 
length by a number of writers. The subject is treated in detail in Chap. 3, where a 
oonsidcrable amount of measured data is presented. 

For the case of very thin half-wave dipole, the input resistance may be computed 
by assuming a sinusoidal current distribution and integrating the total power radiated 
over the surface of a large sphere, in the same fashion as just described for the short 
current element. Using the far field for the half-wave dipole as given in Sec. 2.1 and 
performing the appropriate operations, the input resistance of the half-wave thin 
dipole IS found to be 73.1 ohms. The reactive component of the input impedance 
cannot bo determined by the far-fiold method since the reactance is governed pri¬ 
marily by the electromagnetic fields in the vicinity of the antenna itself. The input 
reacUuice is al^ a function of the relative diameter of the dipole and of the tormi^ 
conditions at the driving point. 

Mutaal Impedance. In an array of antennas, the driving-point impedance of an 
individual clcincnt may differ considerably from its self-impedance because of the 
effect of mutual (aiupliiig with other elements of the array.' In a multielement array, 
th(^ relations botwoon the curn^nts and voltag<^s art^ given by 


Vi “ / 1.^11 + 1 2^1% H “ 
V 2 = h^iz + /2-^22 -f- 


+ fnZin 
+ InZ^n 


Vn ^ 1\Z\n + I*iZtn + 


+ /n2?« 


whoro Kn “ improHsod voltage* at the nth elomont 
/« "» current flowing in nth element 
Znn =“ self-impedance of nth dement 
Znn “ Znm “ mulual iinpcdaiico between mth and nth elements 



2-12 


FUNDAMENTALS OF ANTENNAS 


T^e driving-point impedance for element 1, for instance, is found from the ratio 
of the impressed voltage to the current and is obtained from the above eemations as 
follows: 




llnput-7- Zii + — 


Zi2 + 


J 1 


It is readily seen that the input impedance or driving point impedance of a particular 
element is not only a function of its own self-impedance but also a function of the 
relative currents flowing in the other elements and of the mutual impedance between 
elements. In an array where the current distribution in the elements is critical 
ecause of pattern requirements, it is necessary to determine the input impedance 
rom the above relationship and to design the transmission-line coupling system to 
ma c t e mput impedance rather than the self-impedance. Some examples of this 
are given in Ref. 6 and also in Chap. 20. 

An alternative method for accurately controlling the current distribution in certain 
ypea (rf arrays is to use a transmission-line distribution system which forces the 
required curr^t to flow in an antenna element regardless of the effect of mutual 
impedance. For instance, the constant-current properties of a quarter-wave line 
^ such that the cinrent in a load at the end of a quarter-wave line is equal to the 
driving voltage divided by the characteristic impedance of the quarter-wave line 
regardleM of the load impedance. This property is also true for a line whose length 
IS an odd number of quarter wavelengths. Thus, for example, in order to feed an 
array of four dipole elements with exactly equal currents, regardless of mutual 
ooupimg, the length of transmission line from the dipole to the junction would be an 
odd number of quarter wavelengths. By making use of the constant-voltage prop¬ 
erties of a half-wavelength transmission line, it is possible to buUd up a distribution 
system to feed a large number of antenna elements by means of combinations of 
^f-wave and quarter-wave lines. It is worth mentioning, in passing, that although 
the uniform half-wave line behaves as a voltage transformer with a transformation 
ratio of 1, It IS possible to obtam other transformation ratios by constructing the half¬ 
wave hue of two quarter-wave sections of differing characteristic impedances. 

to many situations it is not possible to sidestep the effects of mutual coupling and 
It IS necessary to have a reasonably accurate estimate of the value of mutual imped- 
^ce between ^tenna elements. It is possible to calculate the mutual Impedance 
® u xf and the results are given in Chap. 3 for several cases of interest, 

ough the finite diameter of a dipole does have some effect on the magnitude of 
the mutual mpedanc^ the effect is a second-order one and for many computations 
may be neglected. This is not true for the self-impedance, whose value is very 
aennitely a function of the dipole diameter. 

Investiptions have also been made of the mutual coupling between waveguide 
Slot radiators, and a summary of these results is included in Chap. 9. 

For antenna elemente other than the simple dipole or slot radiator, little theoretical 
work is available on the magnitude of mutual-coupling effects and it is necessary to 
use experimental methods for determining the mutual impedance. Even in the case 
of dipole elements. It is frequently desirable to measure the mutual impedance, par¬ 
ticularly for a dipole whose diameter is not small compared with its length. 

Sever^ ^eriment^ methods are available. When the antenna elements are 
Identical and reasonably small physically, one simple method is to measure the input 
impedance when the element is isolated and then to repeat the measuniinent when a 
ffound pl^e IS placed near the element to simulate the effect of an image. The 
d^erence between the two impedance measurements is the mutual impedance for a 
distance corresponding to the distance between the driven element and its image. 
An alternative method when two elements are avaflable is to measure the input 
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impedance when one element is isolated, and then to repeat the measurement when 
the second element is in place and has a short circuit across its terminals. Further 
details may be found in Chap. 34. 

2.6. ANTENNA DIRECTIVITy AND GAIN 

The directional characteristics of an antenna arc frequently expressed in terms 
of a gain function where B is the angle of colatitudc and <l> is the polar angle 

(Fig. 2-1). The maximum value of the gain function is the gain. The gain is com¬ 
monly defined as the ratio of the maximum radiation intensity in a given direction 
to the maximum radiation intensity produced in the same direction from a reference 
antenna with the same power input. If the reference is taken to be a hypothetical 
lossless antenna which radiates uniformly in all directions, the gain is said to be com¬ 
pared with that of an isotropic radiator. This definition is favored for microwave 
antennas and is used throughout a large part of this book. In the early development 
of the radio art, a half-wave dipole was used as the reference antenna, and this usage 
has continued for some antenna applications in communications and television. 
When gain figures are given, it is generally assumed that the gain is with respect to 
an isotropic radiator unless otherwise stated. 

A quantity closely associated with gain is directivity. Directivity is defined as the 
ratio of the maximum radiation intensity to the average radiation intensity. For an 
antenna that is 100 per cent efficient and has no copper, dielectric, or mismatch losses, 
directivity and gain arc the same. For an antenna with losses, the gain will be lower 
than the directivity by a factor which corresponds to the efficiency. 

If the radiation pattern of an antenna is specified in terms of the electric field 
E(Bj4>)t as a function of the polar coordinate angles B and <(>, then the radiation 
intensity is proportional to the square of the electric field and the directivity is 
expressed by 




(£) f [ EK6,4>) (HI 


whore (Hi iH a diffcrtaitial olonient of solid angle. In polar coordinates this expression 
becomes 




4>) sin B dB d<f> 


The above exprc'ssion (hdiiies directivity with rc^ference to a lossless isotropic 
radiator. If another radiator, such as a half-wave dipole, is used as the reference 
th(‘n the directivity will be less by a factor corresponding to the directivity of the 
r<^f(Tence. 

Table 2-1 gives ihv. value of directivity for a number of antennas which arc some¬ 
times wao.d as references. 

Table 2-1 


Ant<Miiiii tyf)« 


l)iret*.tivity ratio Directivity, db 


iHotropic radiator. 

Very short diixile. 

Half-wave dipole. 

Quarter-wave dipole al)ov(^ perfect ground plane. . . 
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The gain is related to the directivity by the relation 

Q ^kD 

where k is the efl5.ciency factor of the antenna and is equal to 1 if the antenna has no 
copper, dielectric, or mismatch losses. 

For many types of antenna systems, the losses are very low and the value of gain 
is essentially equal to the directivity. For this reason, the two terms are often used 
interchangeably. However, it must be remembered that the gain is the important 
quantity when evaluating the systems performance of an antenna and that the value 
of directivity may be misleading if an antenna has substantial dissipative or mismatch 
losses. 

The directivity figure can be evaluated theoretically from the computed radiation 
patterns of an antenna or evaluated experimentally by graphical integration of the 
measured radiation patterns. The gain figure can frequently be determined from the 
directivity by estimating the losses in an antenna system, but is usually measured 
experimentally by direct-comparison methods. The subject is treated in some detail 
in Chap. 34, and the only additional comment the writer can add is that the measure¬ 
ment of absolute gain is probably the most difficult type of antenna measurement 
to be made and should accordingly be approached with considerable caution. 

It is occasionally of interest to obtain an approximate value for the gain when the 
only data available are the principal plane radiation patterns. Assuming the antenna 
is relatively lossless, the gain may be estimated from 

^ 27,000 

(j :- 

esOH 

where $e and Oh are the beamwidths in degrees between half-power points in the E and 
H planes, respectively. The value obtained in this fashion will generally be accurate 
to within 25 per cent, particularly for high-gain antennas. 

2.7. THE RECEIVING ANTENNA AND EFFECTIVE APERTURE 

Although much of the discussion up to now has treated the antenna for use in trans¬ 
mitting, it is a consequence of the reciprocity theorem“ that the properties of a receiv¬ 
ing antenna are identical with the properties of the same antenna when used for 
transmitting. 

Thus the radiation patterns of an antenna will be the same whether an antenna is 
used for transmitting or receiving, as will be its gain and impedance. This reciprocal 
property of antennas is of considerable use in making antenna measurements and in 
making an analysis of antenna properties. 

Effective Area. In considering an antenna as a receiving device, it is useful to 
employ the concept of effective area. If a receiving antenna is placed in the field of a 
linearly polarized electromagnetic wave, the received power available at the terminals 
of the antenna is equal to the effective area times the power per unit area carried by 
the wave. 

W 

W = PA or ^ 

where W — available power, watts 

P — power density of wave, watts/sejuare meter 
A = effective area, square meters 

The power density is simply related to the rms value of the electric field by 
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It should be noted that all the available power will be transferred to the receiving 
load only when the load impedance presents a conjugate match to the antenna 
impedance. For any other match condition, the transferred power will be amniinr 
by the mismatch loss factor. However, the above definition does include the effect 
of dissipative losses in the antenna, so that these need not be accounted for separately. 

A very useful relation exists between the elfcetive area of an antenna and its power 
gain as follows: 



The effective area of a nunib(*r of sim])le antennas is given in Table 2-2. 

Table 2-2 

AnterL7ia Effective area 

Isotropic radiator. XV4ir 

Very short dipole. SXVStt 

Ilalf-wavo dipole. 1 . 04 XV 47 r 

The effective area of largo-aperture antennas is of the same order as the physical 
area. For pyramidal horns, the effective area will be approximately 60 per cent of the 
physical area for an optimum horn and can be as high as 80 per cent of the physical 
area for a horn with a very long flare length. For parabolic-reflector antennas, the 
effective area is generally between 60 and 66 per cent of the physical area. For the 
ease of a largo mattress-typo multielement dipole-reflector array, the effective area can 
actually be equal to, or in some cases slightly greater than, the physical area. 

TrMSmission between Two Antennas in Free Space. Tlio concept of effective 
area is useful in determining the transmission loss between two antennas in free space 
separated at a large disUnco. If the transmitting antenna has a gain Gt, then the 
power density in the direction of maximum gain at a distance R, expressed in meters, 
is simply 

P - 

whore Wt ifl the power delivered to input tcrminalfl of the transmitting antenna. 

Tht- etUTgy available at the receiving antenna whose effective area is A a in square 
meters is given by 

The transmisHion ratio between the two antennas is given by 

WH ^ 0 7'vl li ^ T A tA k GtOh\^ 

Wt ‘MiJ “ lifti “ TW “ 

It should b(* noted that the above ndationships are valid only when the distance 
between antennas is large enough so that the Fraunhofer conditions arc satisfied, that 
is, whon^® 


where d is the largest liiuMir dimension of either of the two antennas. 

2.8. DIRECTIVITY PATTERNS FROM ARRAYS OF DISCRETE ELEMENTS 

OiK^ of the more ust^ful types of directive antenna systems consists of an array or 
arrays of diH<!rete elements arrang(^d in a linear configuration or in a rectangular con¬ 
figuration. Frecpiently, the discrete element will consist of a half-wave dipole or a 
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quarter-wave dipole over ground. For microwave applications, arrays consisting of 
half-wave slot elements are finding increasing use, particularly at frequencies above 
3,000 Me. The choice of a particular type of element for an array depends on a 
number of factors, which include the polarization desired, mechanical considerations, 
ease of feeding, power-handling capability, and other considerations of an engineering 
nature. 

Bogardless of the type of element used, the over-all directivity pattern for an array 
can be found by obtaining the array factor for the particular arrangement of point 
sources and multiplying it by the element factor for the element used. For broadside 
arrays consisting of a large number of low-directivity elements, the major factor in 
determining the directivity pattern is the array factor, while the element factor has 
only a minor effect on the pattern, other than controlling the front-to-back ratio. 
On occasion, the array element may consist of a medium-directivity antenna such as a 
helix or comer reflector, and for this situation the element 
factor will play a more important part in the over-all pat¬ 
tern. Use of medium-directivity elements makes it possible 
to use fewer elements in an array of given length and 
thereby reduces the complexity of the transmission-line 
feeding system. However, for applications where very 
precise control of pattern shape and side-lobe level is 
Fig. 2 -11. Coordinates required, low-directivity elements are normally used and 
for two-element array. element spacings of less than three-quarters wavelength 
are necessary. 

Two-element Arrays. The simplest form of a discrete-element array consists of 
two identical radiators. Although the elements may be driven with currents of 
arbitrary phase and amplitude, in practice the current amplitudes of the two elements 
are frequently equal or at least of the same order of magnitude. The general expres¬ 
sion for the far field in the plane of the paper of a pair of discrete elements is 

where /i and 1% are the amplitudes of the current in elements 1 and 2, respectively, 
5 is the phase advance of element 2, and d and 0 are as defined in Fig. 2-11. K is a 
constant, depending on the radiating element and the distance to the observation 
point. For the case where the currents are identical, the expression reduces to 

l£:(^)| - 2KI cos cos 0+1) 

Three ca^s are of common interest. The first case occurs when the two elcm^lts 
are driven in phase with equal currents. The pattern for spacings less than tjSe- 
eighths wavelength is typically as shown in Fig. 2-12a. For very small spacinj^pUie 
pattern will be almost circular, while at spacings of a half wavelength and jPlater, 
zeros will appear in the pattern and subsidiary lobes will develop. 

The second case occurs when the two elements are driven 180° out of pine wim 
equal currents. A typical pattern for spacings less than three-eighths wawRength is 
shown in Fig. 2-126. This type of pattern is commonly known as a figufi-of-eight 
pattern and is extensively used in direction-finding applications. 

The third case is when the elements are driven with equal currents and with a phase 
relationship such that the two currents have a phase difference equal to 180° less the 
element spacing expressed in electrical degrees. A typical pattern for this case when 
the spacing is less than three-eighths wavelength is shown in Fig. 2-12c. This type of 






(a) 


(b) 
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pattern is commonly known as a oardioid and is of considerable interest because it is a 

„„ ,,41.^. * oom™n rttt 

90“ ^ one-fourth wavelength apart, with a phase difference of 

90 , IS called a unidirectional couplet. It is often used in high-frequency double- 
cu^n broadside arrays where a large front-to-back ratio is required. 
iR W H ^ principal oases discussed, a wide variety of pattern shapes 

«” - 

be found in Chap. 6 in Fig. 6-2. 

Multielement Arrays. For three or 
more elements, a complete catalogue of 
patterns for arbitrary spacing and arbi¬ 
trary current and phase relationships 
would bo a rather bulky collection. In 
medium-frequency broadcast antenna 
arrays, configurations producing arbitrary 
pattern shapes are often used to obtain a 
required coverage pattern. Some discus¬ 
sion of this problem will be found in 
Chap. 20. An extensive collection of 
radiation patterns of three and four <ile- 
ments with arbitrary spacing and current 
ratios will be found in Ref. 7. 

When arrays consist of largo numbers 
of elements, the design problem is gen¬ 
erally simplified by assuming some form 
of symmetry or regularity for both the 
clement spacing and the current ratios. 

If this were not done, the number of 
parameters to be determined would make 
the design problem (extremely unwieldy. 

For this reason, the majority of multi¬ 
element arrays are constructed with uni¬ 
form element spacing and with a uniform 
progression of phase from (ilement to 
element. When there is zero phase pro¬ 
gression between elements so that all ele- 
numts am in phasci, the array is known as 
a broadside array, since the main Ixnini 
will be perp(»n(licular to the line of the 
array. When the phase progression be¬ 
tween (aenumts is ecpial to the element 
spa(ung in (dcujtrieal d(?greeH, the array is 
known as an end-fire array since the main 

Ixiain m dirciiiUxl along tlio lino of tlio array. Although the broadaido and end-fire 
arrays aro of major mtoroat, uiulor some cirouinstanoos it may bo desirable to steer 
10 beam, anil for tins condition tho phiwo progression between array elements 
degwr” ^ Rri^itor than zero but less than tho element spaeing in electrical 

Unifora Distribution Arrays. For broadside and end-fire arrays, the riidiation 
pattern is always Hyinmetrieal about tho maximum of tho main beam. For a broad¬ 
side arrsy consisting of onuiidiroctional olomonts driven with equal ourrents in phase. 




(c) 


1*10. 2-12. Pattfirns for two-clcrnont array 
wth Btnull HpuciiiK and equal currents: (a) 
IClemouts driven in phase, (b) Elements 
driven 180° out of phase, (c) Elements 
driven with phase equal to 180° minus tho 
element spacing. 
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the shape of the radiation pattern is expressed by 

sin cos 4> sin d)J 


E(<f>,e) 


n sin (S cos <l> sin 0) j 


where n is the number of elements, S is the spacing in electrical degrees between 
elements, and 4> and 0 are as defined in Fig. 2-13. For arrays which do not have 

“ superdirectiveproperties (Sec. 2.16), the 
maximum gain for a given length of array is 
obtained when the current distribution is uni¬ 
form and all elements of the array are excited 
in phase. A typical radiation pattern for an 
array of 10 elements with half-wavelength ele¬ 
ment spacing is given in Fig, 2-14. For a large 
number of elements n, the half-power beam- 
width of the array is given by <^hp *= 61X/^, 
where ^ is in degrees, X is the wavelength, and / 
is the over-all length of the array expressed in 
the same units as the wavelength. Although 
the uniform distribution has the maximum gain, 
it also has a high side-lobe level, the intensity 
of the first side lobe being only 13.2 db below 
the level of the main beam, while the succeeding 
lobes are approximately 17.8, 20.8, 23.0, 24.7 
db, etc., below the level of the main beam. 

For the case of a linear array of omnidirectional elements with equal currents 
having a progressive phase delay equal to a in electrical degrees between adjacent 



Fig. 2-13. Coordinate system for 
broadside array. 



ANGLE FROM ARRAY NORMAL, IN DEGREES 
Fig. 2-14. Radiation pattern of ten-clement broadside array. 

elements, the shape of the radiation pattern is expressed by 

sin (S cos 0 sin 0 — «) J 


E(4>,0) 


n sin {8 cos 4>Bm0 - «) j 


This type of array is sometimes used when it is desired to steer the beam electri¬ 
cally by placing phase shifters in the feed lines to the individual elements. In the 
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wt “““ beam is givea by 

L~JZ. ^“O- ^ f ® *" ‘be normal to the array by relatively 

^aU amounts (l e loss than 20°), the shape of the radiation pattern remains essen- 

niiixiniuni of the main beam. However, if the individual 
tkme nts of ( lie array have a eonsidcrablc amount of directivity, then a certain amount 

from the nornial. For large angles of scan the beam will also broaden since the 
apparent length of the array will bo reduced by the cosine of the tilt angle. 

muting cu^ of the array with progressive phase delay occurs when the phase 
delay « is equal to the element spacing S, in electrical degrees. This is commonly 
known as an end-fire type of array, and in the principal plane of the array (e - 90°^ 
the radiation pattern is given by •'o.j' 1.17 »u ; 


JS(0) 


Sin 


[fc- 


n sm 


[!<■ - 


COS 4 >) 

cos 0) 


SL''ir' V characterised by a broad-nosed beam 

Sillie ‘be array. For some applications, the broad-nosed beam is 

However if maximum gain is desired from an end-fire array, it has been shown by 
Hansen and Woodyard- that the beamwidth can be reduced and the polfSbe 
merest,d by a facdor of 1.8 by allowing the total phase delay along the array to SceS 
the total electrical length of the array by 180°; that is, 

(n - l)a = (n-l)S -f 180° 

This increase in gain is obtained at the cost of higher side-lobe levels (Pig. 5-16), along 
with a possible reduction in the broadband properties of such an arrW 

In actual praiitice, end-fire arrays frequently utilize parasitically excited elements 
of‘m,!^f ,1“’ Yagi-Uda antenna, the dielectric-rod antenna, and other forms 

of surface-wave antennas. These topics arc considered in Chaps. 6 and 16, where 
the operation of tliese structures is treated in some detaU. It should bo noted that the 
parasitically driven structures are less susceptible to a detaUed design procedure 

MuifiZd LdTirlr*'*’'^ parameters, so that much of the design is of a somi- 

Tapered DisWbution Arrays. The preceding discussions have dealt primarily with 
discrete arrays in which the elements all carriwl the same value of current. Although 
lie uniform 111 -pbase current ilistribution is the one which produces the greatest gain 
or a given length , it also produci's relatively high values of side-lobe levels. For 
many atiplications, high side-lobe levids are undesirable since they may bo responsible 
for unnecessary interference or, in tlie case of radar, for false target returns 

It IS ixissible m principle, to reduce the side-lobe levels of an array to as low a level 
as desired by the choice of an appropriate current distribution along a linear array. 

his IS obtained at the expense of reduced gain and a larger beamwidth. The shape 
of a ty,)ic,d current distribution is such that tlie current tapers from a maximum value 
at the center of the array to some minimum value at the edges of the array. The 
exact nature of the radiated field pattern is, of course, a function of the distribution, 
and a consideralile amount of work has been ilone on this subject. 

For arrays with large numbers of discrete elements, the current distribution is 
frequently represented by a continuous function and the element excitation values 
determined by inking the ordinates of the function. The characteristics of these 
continuous functions are discussed in Rees. 2.9 and 5.3. When the number of ele¬ 
ments IS relatively small, say, less than 20, then the continuous-function represonta- 
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iion is lacking in accuracy and it is desirable to represent the current distribution by a 
discrete number of terms. 

Dolph-Tchebyscheff Distributions. One form of current distribution which has 
found considerable use in recent years is the Dolph-Tchebyscheff distribution,®-^" 
whose properties are optimum in the sense that it will produce the narrowest beam- 
width for a given side-lobe level and vice versa. This distribution enables the designer 
to select a desired side-lobe level and to compute the element excitation values in 
terms of a parameter related to the side-lobe level. Because of the properties of the 
Tchebyscheff polynomial, one can be certain that the design will produce the 
minimum beamwidth for a given side-lobe level and for a given length of array. 


<h=0 



Fia. 2-16, Coordinates for broadside array of 2^^ oleincMits. 

(This excludes the so-called superdirectivity cases which arc impractical from an 
engineering point of view; see Sec. 2.15.) 

To simplify the design, the arrays discussed will consist of an even number of cciually 
spaced elements with all currents in phase and symmetrically distributed about the 
center of the array, as shown in Fig. 2-15. It is also possible to carry through a 
similar design for an odd number of elements, but for most cases where an array is 
fed by a transmission-line system, the simplest feeder system results when there is an 
even number of elements, preferably in multiples of four. 

Having chosen a number of elements equal to 2AT, the desinnl 8i(l(*-lobo ratio r is 
then chosen, where 

_ main-lobe maximum 
” side-lobe level 

The radiation pattern is then given by 

£/(</>) = T 2 Ar-i( 2 o cos m) 

where ) is the Tchebyscheff polynomial of order 2N — 1. 

ird . 

u — ^ 4> 

where d is the element spacing, X/2 < d < X, and zq is a parameter de^in<^d by 


r — T 2 N-^i(zo) 
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For purposes of computation, one convenient definition of the Tchcbyschefif doIv- 
nomial is as follows: 

T2n-i(zo cos w) - I “■ (^0 cos u)] |«o cos u\ < 1 

I cosh [(2^ — 1) cosh 1 (zo cos w)] [go cos ?^| > 1 

The parameter zo, which is related to the side-lobe ratio, can be determined from 

Zq = cosh - cosh“> r J 

The above relationships are suflicient to derive ail the radiation-pattern charac¬ 
teristics. A typical radiation pattern is shown in Fig. 2-16 where the side-lobe levels 



have b(H‘n normalized to unity and the maximum value of the main beam is given 
by r. The angles at which the pattern nulls occur, can be obtained by solving 


sin <f>ak 


X ri (2fe-jw-| 


Ihe first null is (lefine<l by A* «« I, and the succeeding nulls by A; =» 2, 3, 4, . . . , Af. 

1 lu‘ angle 0 |,„ at which the main beam has fallen to half power can be obtained by 
solving 


sin 0h, 


X 

—. cos ' 

Trd 




If (l('Hin‘<l, i,l.o oomplolc nwliation pattt>rn can uIho ho plotted from the above rolation- 
HliipH, ullhouKh the (iharaotoriHtics Riven an) the oncH of major interoBt. 

Ihe element excitation valiiCH are readily determine<l once the side-lohe ratio r 

... <’'>'>»'■» iind the parameter calculated. A Hcparale Hct of relationsliips is 

necesHiiry for (>ach array consistiriR of 2N elements. Following are given the expres¬ 
sions for tlie rehil ive current values of arrays of 4, 8, 12, and 1« elements, respectively: 


A-dvnivnl array: 

li 

11 ™ til2 — dZQ 
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^eleTnmt array: 

IA = Z(P 
/a 71 i — Tsfo* 

I 2 = 6/3 - 14/4 + 14zo» 

/X 3/2 — 6/3 4 " 7/4 — 7 za 

12-eZemeni array: 

Ib 

/a = ll/e - llzo® 

IA *= 9/5 — 44/0 + 44zo^ 

/a « 7/4 - 27/6 + 77/fl - 77zo» 

/a = 5/3 — 14/4 + 30/5 — SS/e + SSzo* 

/i = 3/2 - 5 /, + 7/4 - 9/8 + ll/a - llzo 

16-element array: 

Is = 2o“ 

I 7 = 16/« - 157o‘* 

Is = 13/7 - 90/j + 903 o“ 

/t - ll/d - 65/7 4- 275/a - 27620* 

/d “ 9/5 - 44/d + 156/7 - 450/8 + 45080* 

/d » 7/d - 27/d + 771s - 182/7 + 378/, - 3788o‘ 

Is =■ 6/d - 14/« + 30/d — 65/8 4- 91/7 - 140/8 + UOao* 

/i = 3/d - 6/d + 7/< - 9/d + 117, - 13/7 + 15/8 - 1580 

For larger numbers of elements, the relationships become extremely lengthy. To 
conserve space the reader is referred to the original paper of Dolph* for the 20- and 
24-element cases. For reference purposes, the relative current ratios vs. side-lobe 
level m decibels are shown plotted in Fig. ^17. These curves should be used pri¬ 
marily as a check agamst an accurate computation, since for very low side-lobe levels 
figlure^^* should be computed to an accuracy of at least throe significant 

For arrays with more than 24 elements, the computations can become exceedingly 
laborious, ^ce the terms in the series alternate in sign and a much greater number of 
significant figures is required for each term in order to end up with a final result of 
engineering accuracy. 

An altoative method of obtaining the element coefiicients for largo arrays has 
been derived by vm der Maas,»i who showed that the envelope of the coefficients can 
be approximated by a conUnuous function, except for the current elements at the 
very ends of the antenna. The expression for the function is as follows: 


/,({) = Vl - t») 

jv Vl - 

/2(f) - 


for Ifl pi 1 
for |€| = 1 


where ^ = 2x/-C 

X = distance measured from center of array 
t =* total length of array 
2N =• number of elements 
V =» loga (r + — 1) » log. 2r 

r = sid e-lobe ratio 

iutdCiluefareItfilbl^ 

In order to obtain the current amplitudes, /,({) is plotted as a function of ® and the 
value of/.(t) determmed for the value of * corresponding to the location of an cle- 
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ment. This is done for each element except for the two elements on the extreme ends 
of the array. The value of is used for the end elements. For arrays with side- 
lobe levels between 20 and 40 db down, the above expressions are good approximations 
even for arrays with as few as 20 elements. 

It is usually of interest to know what half-power beamwidth may be expected 
from an array of given length and side-lobe ratio. A good approximation for the 
Dolph-Tchebyscheff array has been given by Stegen,^^ which applies for arrays which 
are more than five wavelengths long. The expression is as follows; 



where A depends on the side-lobe level r. Values of A are as follows: 


r, db 

A, deg 

-20 

51.1 

-25 

56.0 

-30 

60.6 

-35 

65.0 

-40 

68.7 


It should be emphasized that all the preceding discussions arc based on the fact 
that the element spacing lies between X/2 and X. For element spacings shorter than 
X/2, it is theoretically possible to obtain as narrow a beamwidth as desired by proper 
choice of the current amplitude and phase.^® However, as pointed out in Sec. 2.15, 
the so-called **supergain” case results in large amounts of stored energy along with 
high losses and limited bandwidth, so that little engineering use can be made of this 
possibility. 

For element spacings as large as a wavelength, it is possible for a secondary beam 
to appear along the line of the array unless the individual elements have sufficient 
directivity to suppress the secondary beam. Because of this problem, typical arrays 
generally have element spacings in the range of 0.5 to 0.75X. 

Two other points are of interest with regard to the Dolph-Tchebyscheff array. 
When a large number of elements are used, the current in the end elements can be 
considerably higher^^ than in the adjacent elements, as may be seen from the expres¬ 
sion for / 2 (i). This can raise serious problems with regard to feeding the end ele¬ 
ments, particularly in the case of the waveguide-fed slot array, although the problem 
is by no means trivial in the case of the transmission-linc-fed array. Since the side- 
lobe level may be critically dependent on the end elements, caution should be exercised 
in choosing a design in which the values for the currents in the end elements exceed 
the currents in the adjacent elements by very much more than 50 per cent. 

Also, for some antenna applications, it may be a disadvantage for the side lo])es 
to remain at a constant level as the angular separation from the main beam increases. 
Actually, a certain amount of decrease in the side lobes will occur, depending on the 
directivity of the individual elements. For applications where this rate of decrease 
is not sufficient, it is necessary to use a form of current distribution whose* space factor 
is such that the side lobes do decrease at the desired rate. Although relationships for 
such a radiation pattern have not been worked out for the dis(^rete-element case in the 
same manner as the Tchebyscheff pattern, considerable work has been done on con¬ 
tinuous distributions. This is discussed in Sec. 2.9. Although those distributions 
apply rigorously only for continuously excited apertures, excellent results can be 
obtained by dividing these distributions into discrete elements when the array con¬ 
tains more than 25 or 30 elements. 
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2.9. DIRECTIVITY PATTERNS PROM CONTINUOUS LINE SOURCES 

length wliich have apertures which are very largo in terms of wavo- 

eefuse of desirable to use a continuous type of aperture distribution 

because of the relative simplicity, as compared with a discrete-element type of array 
which requires a arge nuinher of driven elements. For instance, a common formTf 
large-aperture antenna is a paraboloidal reflector illuminated by a point-source feed 
aperture of the order of 100 wavelengths in diameter by a discrete- 
element array would require more than 5,000 individual radiating elements, each of 
which must be fed with current of the correct amplitude and phaL 

tr®”* r' ""V « Considerably 

simpler than a discrete element array. In addition, the reflector can bo made to 

operate over a wide range of frequency simply by changing the feed, while a discrete 
affieiently only over a small bandwidth, on the order of 
16 to 40 per cent at inost. Where very low side-lobe levels arc required, discrete 
TJohi substantial ^van^c over reflector-type structures since it is possible 

t o obtiun sid^lobe levels of 40 db down and greater by exercising considerablo^^aro in 
designing and constructing discrete element arrays. By comparison, reflector^y^e 
aiitcnna systems have side-lobe levels in the range of 18 to 25 db down and at the 

dowTca?!?' “V* r" lower’thl 36 db 

reftector Lit Use of a two-dimensional folded 

[w ten improvement because of the elimination of blocking 

y the feed and its supports, but even for this type of structure special teeliniquos are 
necossary to achieve sidc-lobo levels lower than 30 db down 

rnJli??’'’' the continuou^aperturc type of antenna has its practical limitations with 
bn™ nfT^ P«'^o™'wwso. ** nevertheless has found wide appUcation 

(.cause of its relative simplicity. For this reason, it is desirable to know what can 
ho expected of various types of ideal distribution functions since these in effect place 
an upper limit on this potentml performance of a continuous antenna. AIso^ for 
vciry long arra^ys of discrete elements, the continuous distribution may bo used to 
obtain an excellent approximation to the element excitation coefficients 

fZiV li«<;.«<'«Tces, the current distribution is considered 

lx. a fuiK.tio of only a single coordinate. Tlie directivity pattern E(u) resulting 




wlier(‘/(j) » relative shape of Held distribution ovit aperture as a function of x 
u ” w/X) Hin <f> 
t « <)v<T-all h^iijjfth of aperture 
0 *■ aiifijle UK'aHured from normal to apertuw^ 

X *■ normalized diKtance along ajXTture —1 < ^ < 1 
Tlic simplest type of aperture distribution is the uniform distribution where/(») - 1 
given 'WM'rture. The directivity pattern is 




- Hin u 

" i-- I- 


'[(?) 

(?) 


8in 0 


Hin ^ 


rT^'i* diri'ctivity pattern is of interest because of all the constant-phase 

distributions, the uniform distribution gives the highest gain.** As in the case of the 
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discrete-element uniform distribution, it also has high side-lobe levels, the intensity 
of the first side lobe being 13.2 db down from the maximum. 

The intensity of the side-lobe levels can be reduced very considerably by tapering 
the aperture distribution in such a way that the amplitude drops off smoothly from 
the center of the aperture to the edges. There are an unlimited number of possible 
distributions. However, a few simple types of distributions are typical and illustrate 
how the beamwidth, side-lobe level, and relative gain vary as a function of the dis¬ 
tribution. Table 2-3 gives the important characteristics of several distributions 
having a simple mathematical form. 


Table 2-8. Line-source Distributions 


TYPE OF 
DISTRIBUTION 

-1<X<1 

DIRECTIVITY 

PATTERN 

E(u) 

HALF POWER 
BEAMWIDTH IN 
DEGREES 

ANGULAR 
DISTANCE TO 
FIRST ZERO 

4^ 

INTENSITY OF 
1st SIDELOBE 
db BELOW MAX 

GAIN 

FACTOR 


r 

h 

L 

j sin u 
u 

SO.Sy 

57.3^ 

13.2 

1.0 

-1 

f(x 

D +1 
)=l 


r 


E 


1.0 

50.8-^ 

57.3-^ 

13.2 

1.0 


.8 

52.7-^ 

60.7^ 

15.8 

.994 

-1 

4 

1 

.5 

55.6^ 

65.3-^ 

17.1 

.970 

f(x)«l-(I-A)x^ 


65.9;^ 

81.9-^ 

20.6 

.833 

-z: 
-1 ( 

cos 

VX 

2 

irj COS U 

* (■!■)* -u* 

68.8-^ 

85.9-^ 

23 

.810 

-1 ( 
cos* 

) +1 

TX 

— 

4 sin U ir2 

8 U 

83.2-^ 

114.6^ 

32 

.667 





73.4^ 

114.6-^ 

26.4 

.75 

“1 

f(x)»l 

+1 

-IXI 

MT-j 


Of considerable interest is the manner in which the side lobes fall off as the angle 
from the mam beam increases or as u increases. For the uniform distribution which 
has a discontinuity in both the function and its derivatives at the edge of the aperture, 
the side lobes decrease as u-i. For the gable distribution or for the cosine distribu¬ 
tion, both of which are continuous at the edge of the aperture but which have a 
discontinuous first derivative, the far-out side lobes faU off as w"*. For the cosine- 
squared distribution which has a discontinuous second derivative, the far-out side 
lobes fall off as 

Many distributions actually obtained in practice can be approximated by one of 
the simpler forms or by a combination of simple forms. For instance, suppose it 
were desired to find the directivity pattern of a cosine-squared distribution on a 
pedestal, i.e., a combination of a uniform distribution and a cosine-squared distribu¬ 
tion as given by 
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B(u) = 4.£5injf 

u 2 m 


holtn^d of the patteru n.ust 

‘> ^ Tt I’fl Af ^ pattern and cannot be interpolated from Table 

rtnit"™ 5 rzcr,, *“'*» ““ "">■»' oi 

mtonidly ot Uio larjrai ,id„ |„|„ „ui b/43 db blloL'Jh^"'-'' 

with . bdf-pow„,^.„,d,h by '“““ I*" 


76.5X//, a value which is somewhat lower 
than that for the cosine-squared distribu¬ 
tion by itself. 

In recent years, work has been done on 
line-source distributions which produce 
patterns approaching the Tchebyscheff 
type of pattern in which all the side lobes 
have a constant level. As noted in Sec. 
2.8, van der Maas has shown that it is 
possible to find the element excitations 
for a discrete array with a large number 
of elements by determining the shape of 
the envelope function as the number of 
elements is increased indefinitely. 

This problem has also be(ui investigabHl 
in detail by Taylor >» for the case of a 
continuous line-sourc($ distribution. Of 
conHid(»rable interest is the relationship 
between the lialf-power Ix^amwidth vs. 
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SIDE LOBE RATIO IN DB 
I<iu. 2-18, Half-power beam width vs. side- 
lobe ratio for an ideal space factor 


tlio Hido-lobo ratio for the i<i<(al apaco factor (i.o., the coual sido-loho tvn« 
factor) Hirioc tlim rcIationHiiip represents the limits of tiic minimum beamwidth that 
Ii^r f h '““r ^7 “ K*ven side-lobe level. PiRure 2-18 is taken from Taylor’s paper 
oriRinil paper V f««tor, the reader is referred to the 

For many applications, tl.e ec,ual-sid<vl<,I,e-lcvel pattern may bo undesirable and a 
more mutable pattern w<,ul,I be one in which the side lobes deereaso as the atil from 
th(‘ mam bcMim nr th<^ parumct(T m, increases. Work on this form of distribution 

anor/**’]* -'T" ‘ memorandum. BiwicaUy the 

approach is to represent the directivity pattern Iiy a funetlon of the form ^ 

, sin 

- irVii” 

whore tlie ratio of the main Ix'atn to the first side lobe is Riven by 

irti 

the *" "T*: ■!“' '.''"‘‘■'•'''‘y pattern reduees to the familiar sin m/m for 

a inform distribution and the first sidc-lobo ratio is 4,003, or 13.2 db. 
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As B is increased in value, the side-lobe ratio increases, and by the appropriate 
choice of B a theoretical side-lobe level as low as desired can be chosen. It will be 
noted that because of the expression for the directivity, at large values of w, the side 
lobes decrease as 1/w. Hence we have a directivity pattern whose side lobes decrease 
in a similar fashion to that of the uniform distribution but has the property that the 
maximum side-lobe level can be arbitrarily chosen. 

Fortunately, the aperture distribution function for this type of pattern has a 

relatively simple form and is given by 



fix) = JoUttB y/l — X*) \x\ < 1 

= 0 \x\>l 

Jq is a Bessel function of the first kind 
with an imaginary argument. Tables of 
this function are readily available. 

Taylor has tabulated the important 
characteristics of this type of distribution, 
and some of these data have been plotted 
in Fig. 2-19. By comparing Fig. 2-18 
with Fig. 2-19 it can be seen that for a 
given maximum side-lobe level, the half- 
power beam-width of the distribution 
producing a decreasing side-lobe pattern 
is approximately 12 to 16 per cent greater 
than the per cent half-power beamwidth 
of the distribution which produces an 
equal side-lobe pattern. This nominal 
loss in theoretical performance is a small 
price to pay where it is necessary that the 
side-lobe levels decrease as the angle 
from the main beam increases. When a 
decreasing side-lobe level which falls off inversely as the first power of the angle is 
desired, this type of distribution will result in a narrower beamwidth than those dis¬ 
tributions which produce side lobes falling off as a higher inverse power of the angle. 


Fig. 2-19. Half-power beamwidth vs. side- 
lobe ratio for space factor defined by 


Eiu) 


sinjV^l^Z^ 

— 7r*B» 


2.10. PATTERNS FROM AREA DISTRIBUTIONS 

Rectangular Apertures. The directivity pattern of an area distribution is found 
in a similar manner to that used for line-source distributions except that the aperture 
field is integrated over two dimensions instead of one dimension. If the aperture 
distribution is given by fix,y)j where x and y are the two coordinates, then the direc¬ 
tivity pattern is given by 


The difficulty of evaluating this expression will depend on the form of the distribution 
function. For many types of antennas, such as the rectangular horn, for example, 
the distribution function is separable; that is, 

f(x,y) =fix)fiy) 

The directivity patterns in the principal planes are readily determined for the separar 
ble case since the pattern in the xz plane is identical with the pattern produced by a 
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pattern “ identical with the 

b.!Ltr<,“r'X’SX““.;x‘‘“ “ 

b. M'duwbutii r£ ppSidtrpErs r;^iT£ 

paraboloid and computing the directivity pattern due to tL plane aperLe 

If the field in the aperture plane is a function of the norm^izod Radius r and the 
aperture angular coordinate then the directivity pattern is givenC“ 

E(u,<i,') = a> /(r,0') flare..,!*-*') ^ 

wliero a = radius at outsido of aperture 
p = radius at any point of aperture 
r = p/a 

u - (29ra/X) sin 6 = (ttD/X) sin 6 
D = 2a = aperture diameter 

and /(r,^') is the normalized aperture distribution function 
as shown m Pig. 2-20. 

The simplest forms of aperture distributions ^ 

to evaluate are tliose where the distribution is 
not dependent on tlie angular (ioordinate but 
depends only on the radial (joordinate r. The 
integral for tlie directivity pattern then becomes 


The coordinates are 



E(u) - S(r)J<,{ur) r dr 

When the distribution is constmit, tlie integral 
becomes 

A’(m) - y 

Fig. 2-20. Coordinate's for circular 

It is fre<iucntly desired to evaluate the di- 

Kr) « (1 - r*)P 

(8et‘S)'’"wr 'T' 

teomes more highly tapered Hnd\nore'c;nceLXlT,\i“e; ?th“S 
unrrn.iTlunEbn/''’'’'""”" ‘««trib«tion approaches 

Kvaluating tlie directivity pattern, we have 


E(u) - (1 - r«)/*./„(„r) dr 


I '^^V]Jpv\(u) 


a* 

V + i 


^p-hiM 


bSa?Lm!^‘’ are available in 
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Table 2-4. Circular Aperture Distributions. 



The principal characteristics of the directivity patterns are given in Tabic 2-4 for 
the cases p = 0, 1, 2. Comparison of the patterns of the uniformly illuminated 
circular aperture (i.e., when p == 0) with the results for the uniformly illuminated 
line source (Sec. 2.9) shows that the circular aperture has a lower side-lobe level and a 
broader beam width. This would be expected since projection of the circular-aperture 
illumination on to a line would produce an equivalent line source which is no longer 
uniform but has some degree of tapering. 

Elliptical Apertures. In some applications an elliptically shaped reflector is used in 
order to permit control of the relative beamwidth in the two principal planes and to 
control the side lobes by shaping the reflector outline. Computation of the directivity 
patterns for this aperture shape can be carried out from a knowledge of the Fourier 
components of the illumination function over the aperture. Details of the computa¬ 
tion are given in Chap. 12, which contains a tabulation of the functions used in this 
computation. 

2.11. EFFECTS OF PHASE ERRORS ON LINE SOURCES 

The previous discussions on aperture distributions in Sec. 2.8 to 2.10 were concerned 
only with those aperture distributions in which the field was in phase across the entire 
array. In certain types of antenna systems, particularly tliose in which the beam is 
to be tilted, deviations from a uniform phase front do occur, so that it is desirable to 
evaluate the effects of phase errors on the directivity pattern. 

For simplicity, the following discussions are limited to the case of a line-source 
distribution. Results will be first derived for the simple uniform amplitude distribu¬ 
tion, and graphical results will be presented for a tapered amplitude distribution. 

The most common phase-front errors are the linear, quadratic, and cubic phase 
errors. The linear phase error is expressed simply by 

4>(x) = j3ix 
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where »= phuHc (lepiirt.iirc ii(. cdRe of jipoHuro 

j: = iip(‘r(.ur<' eoordiimte (w (hdincxl in «<>(?. a.!) 
Tlu! <lir(>ctivity putlcni in niveii I>y 


*'(«) “2/ ,dj: 

For a uniform illuinimition, tho rcHull, in 

A’(«) 

u - ff, 

TliuH the dirccliyily pattern hua tin; aame form na for the in-phiia(' eaae except tliat 
the pattern maximum m aliifled in aiiKle aa defined by ^ 


M - ffi 


or sin <f>o 


bh 
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Fio. 2-216. Effects of square-law phase error in radiation patterns for cosine aperture 
illumination. 


For other than a uniform illumination, the patterns will also be the same as for 
the in-phase case, except that u — /3i is substituted for u in the expression for the 
directivity. 

In the vicinity of the main beam, the directivity pattern is the same as that 
of an aperture tilted by <^o whose length is t cos 0o. The half-power beamwidth is 
increased by the factor 1/cos ^o, while the gain is decreased by cos 0o. For small 
angles of beam tilt, the pattern and gain are affected by only a minor amount. 

The quadratic, or square-law, phase error is inherent in flared horn aiitcuuias. It 
also occurs in lens-type antennas and reflector antennas when the feed is defoc.used 
along the axis of symmetry. This type of phase error also appears when the direc¬ 
tivity pattern of an antenna is measured at a finite distance. 

The quadratic phase error is expressed by 
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ihkI (he directivity pattcirn ia exi)r(!HHe(I i)y 


J' ^ f(x) el"' dx 


Kivori l)y*>* 


- can no oxprcsaoa m terms of the 

The directivity pattern for tlie uniformly illuminatod ci«e ia 


“ 2 - (Kmi) -j[S(m,) -S(n,,,)]l 


where 





DECIBELS 
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and the Fresnel integrals are defined by 

S(m) = 

The expressions for the cosine and higher-order cosine distributions become increas¬ 
ingly complicated and the problem of computation becomes exceedingly laborious 
^me simplification in the computation problem can be obtained by the use of operal 
tional methods as developed by Spcncor« and also by Milne." Figure 2-21a^ is 
reproduced from Milne's paper. 

It will be noted that the principal effects of a quadratic phase error are a reduction 
in gam and an increase in side-lobe amplitude on cither side of the main beam. For 



u (DEGREES) 

Fio. 2-22. (c) For cosino-squarod aperture illumination. 


inodernto arnountH of phaw^ error, the nulls between the side lobes disappear and the 
side lolx^s blend into the main Ixuiin, appearing as shoulders rather than as separate 
side lobes. 

The cubic phase <Tror is expreswxl by 

<Hx) - 

Computation of the directivity integrals for the cubic phase error becomes even 
more laborious than for the (piadratio phase error, although the use of operational 
methods for computation simplifies the formal handling of the problem. Some typi¬ 
cal results from Miliw^’s paper are given in Fig. 2-22a-c. 

It will be observed that the cubic phase error produces a tilt of the beam in addition 
to a loss in gain. The side lobes on one side of the beam increase in amplitude, while 
those on the other side diminish. 
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In general, when the feed is moved off axis to tilt the beam, both a linear phase 
term and a cubic phase term appear. The linear phase term causes a beam tilt which 
is a function of the geometry of the antenna system. For the case of a parabolic 
reflector, the cubic phase term causes a lesser amount of tilt in the opposite sense so 
that the resulting beam tilt is somewhat less than would be computed from geometrical 
considerations. For this case, the side-lobe increase appears on the side of the beam 
toward the axis. 

2.12. EFFECTS OF RANDOM ERRORS ON GAIN AND SIDE LOBES 

The previous section has discussed the effect of systematic phase errors on several 
different types of aperture distributions. In general, some of these errors are inherent 
in a given design and are a function primarily of the geometry of the antenna. In 
addition to systematic errors, a problem which commonly arises is that caused by 
random errors in both the phase and the amplitude across the aperture because of 
manufacturing tolerances. 

An estimate of the effect of random errors can be made in at least three different 
ways. The first method is to measure directly the radiation performance of the 
antenna in question. By comparison with the computed performance, it is possible 
to estimate the magnitude of the errors in the field distribution across the antenna. 

A second method is to measure the amplitude and phase of the field distribution 
across the aperture. From these data, the effect of the errors on the antenna per¬ 
formance can be computed. 

A third method is to compute the effect of manufacturing tolerances on the desired 
aperture distribution and from this, in turn, to compute the effect on the radiating 
properties of the anteima. This method is of considerable interest to the antenna 
designer, who must specify what sort of tolerances are necessary in order to achieve a 
desired result. As is true in all fabrication work, extremely tight tolerances result in 
excessive costs while tolerances that are too loose can result in inadequate performances 
or failure of operation. It is therefore desirable to know how much accura<‘.y is 
required for a given level of performance. 

A theory of random errors is necessarily based on statistical considerations, so that 
the results predicted will not be on an absolute basis but rather in terms of a given 
probability level. The main use of this theory is to estimate what the effccd. will Ixs on 
the average performance of a large number of antennas when a given tolerance level is 
specified. 

I>iscrete Element Arrays. The problem of the discrete element array starts off 
with the premise that the ideal radiation pattern desired is specified by a uniformly 
spaced array of N elements, with each element carrying a specified current. If we 
denote the current in the nth element by /„ and the actual current by In + «n/», then 
the radiation pattern due to the desired currents is given by 

N 

E{4>) = ^ /.exp 

n — 1 


where d — spacing between elements 

<!> = angle measured from normal to array 
The radiation pattern due to the error terms is given by 


N 

RW = ^ A./» exp (ji'j 


n — 1 
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whore + (2irnd/\) sin <1, 

A„ = ratio error of nth current 
= phase error 


It can readily be seen tliat the desired radiation pattern E(d>) is altered bv fh^ 

“pwimeiital data are not available beforehand and it is desir¬ 
able to know what degree of precision is required in driving the awarin orderTn 
achieve a given performance. For a large number of elements and for smaS trors 
8 reasonable to assume that the individual errors are independent of one another 
and are distributed as a normal or Gaussian distribution. The problem has been 
IhillifT f statistical basis by Ruze,» who has computed the sido-lobe-levol prob- 
abihtira HI terms of the root-mean-etiuare error in the current values ^ 

In statistical analysis, it is not possible to predict the exact pattern of a narticulnr 
If proerrors but rather the average pattern of a large number of similL arrays 

denotes the power pattern for an “average system,” Po(0) the power pattern 
for an antenna without errors, we have power pattern 


7TO = P«(«) 




( 2 /,)» 


where N(0) 


elmiuR ^ 

? - + 6 “* 

« total nieau-«3quaro error 
^ “ iiKsan-aciuans amplitude error 
** " mean-square phase error, radians squared 
On the average, then, the effect of the random errors is to add to the pattern a constant 
power level which is proportional to the mean-square error. For individual arrays 
and in particular directions, the side-lobe radiation will differ from this constant level 
in a f^hioii governed by the probability distribution for the particular array. 

to l/Iv"flo*thTf **‘“'*^ '■‘‘diation is approximately proportional 

to 1/A^, so that for a given mean-square error, lower side-lobe levels are more readily 
obtained with larg<‘r autoniiaa. reaauy 

Computations have been made for a Dolph-Tchebyscheff typo of array consisting 
of 26 elements with a design side-lobe level of 29 db below the main beam. For an 
angular iHwition where the no-error minor lobes have maxima. Fig. 2-23 shows the 
probability that the radiation will be below a specified number of decibels when a 
given mean error exists in the antenna currents. 

As a check on the above theory. Ruse has computed the actual pattern of the 
“■Ptomms with a specific set of error currents. For a 0.40-rm8 error in 

oh elemejit with random phase, the riuliation pattern was computed. Figure 2-24 

«'««« '^ith and without error. AnalySs of the 
Bul(,-lolK. magniUides on this figure shows that their distribution compares very well 
witli the theoretieal disfribution obtained on a statistical basis. 

I he loss m gain can also be determined from this analysis. An excellent approxi- 
lation for the actual gam O with errors as oonipared with the theoretical gain Go 
when no errors are present is given by 


0 

fTo 
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0-DEGREES 

radiation pattern of 26-olemont broadside 
Sn^ndom pha»“"*''°"'* (“) No error. (6) 0.40 rms error in each 
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wliore d *= spacing between elements 
X =* wavelength 

The above analysis has concerned itself onlv with th« , 
required for the array. To translate these L«i,ltV-^ t current values 

given antenna system depends on the nature of the *^di ^duafer^ toler^ces for a 
feed system used, and a variety of other factors One n *ype of 

resu ta for an X-band waveguide array have been obWned L ReT22“^d 2^ T 
the latter reference, computations for th^ -j i ^2 and 23. In 

ta a nimutalurin* lolom with . tttnlrf d.vtatta ri 00® 

srr“ :,Zho~ ■n'Si'U'''' —»d‘:he"ir-’i; 


T.h.. S... « P.t c... M wm B. L... RR.. R,. 


aid(‘-loh(‘ 




level, db 




No. of 

20 

30 

40 

elements 




12 

18.6 

25.0 

29.1 

24 

19.0 

20.7 

31.8 

48 

19.1 

27.3 

33.3 


It should be noted that th(^ liiciireH in TPuTtlft o r: u j 

wh«ro th« iohit«n<»« ciui uvto ™ All vdi». but hAvo a o'ooa to 

tarn ? mtata, plD,« dltototNaa. J. n<R 2^5 "“.to 

he design value by more than an arbitrary amount so thflt tVio j* 

tnbution is actually a truncated normal distribution. For thl coi^d L ^ 

ration m side-lobe level is somewhat less than that givL 

cleS^ntTrS's^''^ “ di^o^ete 

As a practical matter, when (leHigninK low-side-lobc-lovel arrays, it is usuallv 
necomary to overdesign tlie array in order to ho certain of achieving the desired side^ 

A,i Iv ^h “P«rturc distribution for a 32-db side-lobe level. 

Actually, the amount of overdesign required depends on a compromise between 

o^XIgn t«lcrances and the loss in aperture efficiency due to the 

Continuous Apertures. The siatistical analysis of continuous apertures, such as 

Z^nZoZ 't f*’".'""'*- array, the error in one element has been 

luisi rued to be independent of the errors in adjacent elements. However for a 

larceh'rrr ‘‘'''■"•Vi a large error at one point implies that the error will be 

oMhe r! ‘»‘>"‘‘dia(e area around 11,at point since the error could be due to warping 
of the reflec or or a hump in the reflector. Also, the error will bo purely a pLe 

*■>' “"<>»•*• 

The fac t that an <*rr()r will extend over an area makes it convenient to use the 
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concept of a correlation interval c. c is that distance, on the average, where the (errors 
become essentially independent of one another. For instance, an error t'OiiHiHi.ing of 
a bump extending over a large area implies a large value of c, while errors consisting 
of a number of bumps, each of which covers a small area, implies a small valuo of c. 

In an analysis similar to that for the discrete array it htis been shown*^ that th<^ 
power pattern for “an average system” with small <‘rrors is givc^ri by 


4c*ir*6* / 

' PM) + 5(0) «xp y 


where the symbols have the same meaning as used earlier in this secdioii, except for c, 

which is delined an the (H)rr(*hiti()n interval. 

5 10 -------- The effects of random (errors on the side 

j_ ^ _ lobes and gain of a circular paraboloid have 

^ computed by Ruzo. Som(» of his 

Hj 20-- results for the case of a cosine-sciuarcd illu- 

__mination are shown in Figs. 2-25 and 2-20. 

3 ^ relationships for the loss in gaiit 

in 30 —- have also boon worked out by Ruzo. For 

(rt_y__small errors, simplified formulas have been 

z y obtained for the limiting cases of small ainl 

Jj 40-V-largo correlation intervals, as follows: 

§ — Wh.n,^«l 


0.2 0.4 0.6 

RMS REFLECTOR ERROR Some results for th(^ loss in gain arc* given 

(RADIANS) itt Fig- 2-27. 

„ „ a j-. u I -j Periodic Errors in Aperture Illuminatioii. 

Fig. 2-25. Spurious radiation of paraboloid _ i . 

with cosine-squared illumination. Corre*- addition to random <*rrors introdiiccul in 
lation interval c = X. the manufacturing procc^ss, certain types 

of antennas may also introduce periodks 
errors due to the particular technique used in fabricating the antenna. For instance, 
in certain types of reflectors using bulkhead and truss-work type of construction, 
mechanical stresses set up during fabrication are such that the surfaijc has pi^riodlc, 
errors at roughly equal intervals along the surface. This results in a periodic i)haBO 
error along the aperture. 

The effect of a sinusoidal phase error on the side lobes has Ixhui treated in Rcff. 24, 
where it is pointed out that a sinusoidal phase error will produce two ecpial sides lobes 
whose amplitude relative to the main-beam amplitude is eeiual to one-half the peak: 
phase error expressed in radians. The two side lobes are symmetric.ally loe.ated on 
either side of the main beam at an angular distance of m\lt radians from the main 
beam, where m is the number of cycles of phase error along the aperture, t is the total 
length of the aperture, and X is the wavelength expressed in the same units as t. 

The effect of any type of phase error on the antenna gain has been treatesd by 
Spencer,*® who shows that the fractional loss in gain is equal to the mean-square 
phase error from the least-square plane-wave approximation to the phase front. 
Since a periodic phase error would not alter the direction of the unperturbed phase 
front, the loss in gain is equal to the mean-square value of th<^ pi^riodic pha8<^ error. 
It is interesting to note that this represents the limiting cas<i for random errors ns 
shown in Fig. 2-27. 


(RADIANS) 

Fig. 2-25. Spurious radiation of paraboloid 
with cosine-squared illumination. Corre¬ 
lation interval c = X. 
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Another type of distribution error which can occur under certain conditions is a 
periodic amplitude error.‘« Tl.e sidc-lobo behavior of the amplitude-modulated 
distribution is very similar to that for the case of the sinusoidal phase error Two 
equal side lobes on either side of the main beam will appear for each sinusoidal com¬ 
ponent of the amplitude modulation. For a uniform amplitude distribution with a 
sinusoidal ripple, the amplitude of each side lobe due to the ripple will have a value 
relative to the main-beam amplitude which is equal to one-half of the ratio of the 



ripple amplitude to the amplitude of the constant term. As was true for the periodic 
p uise emir, the periodic amplitude error will pnxluee two symmetrically located side 
lobes on either sid<^ of the main Ixuim at an angular distaneo of m\/C radians, where m 
is the number of cycles of amplitude variation across the aperture whose total length 


2.13. METHODS OF SHAPING PATTERNS 

A variety of radar-system applications require that the radiation pattern of the 
antenna bo shaped in such a fashion as to meet certain operational requirements. 
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One common requirement for the vertical-plane pattern is the cosecant-square pattern 
which produces a uniform ground return echo from an air borne radar antenria^ 
There are, of course, other shapes of interest, but the basic principles of obtainirig 
shaped beams are the same for a wide variety of shapes. 

Methods Useful for Linear Arrays. One of the techniques useful with slot array o r 
dipole arrays is to determine what aperture distribution will produce the desired, 
radiation pattern and then design the array feed system so as to achieve the required 
RMS REFLECTOR ERROR IN RADIANS aperture distribution. 

There are several methods in use for deter¬ 
mining the form of the aperture distribution- 
Historically, the first method is based on tlio 
Fourier approximation to a given function. 

For an equally spaced array of radiating ele¬ 
ments, the radiated field due to the array ctxn 
be represented by a finite trigonometric scries 
with a direct relationship between the current 
in each element and tlie coefficients of the 
trigonometric scries. If the required radia¬ 
tion pattern is analyzed by standard Fourier 
methods, the coefficients of the Fourier series 
then determine the current amplitudes and 
phase for the array elements. The accuracy 
with which the finite series approximates the 
desired function depends on how many terms 
are used, that is to say, how large an aperture 
is used. For a fixed number of terms, it is wc 11 
known from the theory of Fourier series that 
the approximation is best in the sense that the 
mean-square deviation is kuujt. It is also a 
property of the Fourier approximation that at 
a point of discontinuity, the function takes 
on a value that is the average of the valu-O 


Fig. 2-27. Loss of gain for paraboloid 
as a function of reflector error and 
correlation interval. 

existing on either side of the discontinuity; i.e., 

+ 0) + E{<f> — 0)] 

A second method of approximating the desired radiation pattern is ono that enabU.a 
the pattern to be specified exactly at a fixed number of points. This method, whioli 
wss mdependently proposed by Woodward** and by Levinson, is particularly apno.tl- 
11^ m that It gives the designer some physical insight into the way the pattern is ayri- 
thwized and m addition allows some control of the pattern at points of discontinuity. 

Basio^y the method consists of superposing a series of uniform-amplitude, linoar- 
phase distobutions across the aperture in such a way that the sum of the pattcrixs 
produced by each of the distnbutions adds up to the desired pattern. Tlie roquiroci 

aoSiSrdeal with the case of a eontinuoxis 

^ uniformly spaced discreto clement arrixy 

As pointed out in Sec. 2.9, tho radiation pattern 
for & uniform, m-phase illummation is given by 




sin u 
u 

. 

— sm, 


where 
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The pattern will pass through zero wherever sin 0 = riX/i, n = 1, 2, 3 4 etc and 
the pattern has its maximum when 0 = 0. Por a case where ( = lOx’ tL paWm 
plotted against sin will appear as in Fig. 2-28ri. 

It will be noted that when the pattern is plotted against sin 0, the zeros of the 
pattern arc equally spaced except for the two zeros on either side of the main beam 
which occupy two spaces. The width of one space is ociual to X/t, the reciprocal of 
the aperture width in wavelengths. 

A uniform illumination with a linear phase variation will have a field nattern 
given by ^ 

EU) = fa - M 
u - /S„ 

where /3 is one-half of the total phase variation across tlio aperture t. Tlie maximum 
of this pattern occurs when 

sin ^ 

If the phase variation is chosen such that = nx, then the pattern will be shifted 
by n\/(, or n spucos when plotted against sin 0. A typical pattern for 4 = lOX 
and fin = 37r is shown in Fig. 2-286. 



By comliining a number of patterns shifUid by integral numbers of spaces, it is 
poHHil)l<» to syiithosizt^ a i)iitU^rn wliioh can be uniquely speoifiod at 2m -h 1 points 
for an apertures which is in wavelengths in (wUuit. Tlie total radiation pattern is 
giv(ui by 

« y a y r - rnr) 

Z/ ” u "fin Z/ " w — nr 


and the corresponding normalized apertun* dist ribution is given by 


/(») - ^ (.’»c 

n 


2 




where -1 < a: < |-1. 

As an illustration of this method, let us consider tho problem where it is desired to 
8p(H*,ify that the pattern have a (?0Hecant shape over the range in sin <l> from 0.1 to 1.0 
and that it have no radiation for negative values of sin <^. For an aperture length of 
10 wavehuigths, sin 0 is divided into spaces one-tenth wide from -l to -HI and ordi- 
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nates erected at each division with a height equal to E(<f>). For the problem at hand, 
E(<l>) is proportional to esc A plot of the E{<l>) diagram is shown in Fig. 2-29,' 
where at each division, an individual pattern is to be specified with a maximum value 

equal to each ordinate. The summation 
of the individual patterns is siiown in Fig. 
2-30, while the resulting total aperture dis^ 
tribution, consisting of the sum of each of 
^ Cosec c|> the individual aperture distributions, is 

\ shown in Fig. 2-31. 

t For the case shown, EiO) has been chosen 

to equal zero, and it will be noted that the 
resulting pattern has a fair amount of ripple 
in it. If the value of E(0) is chosen to be 
0.8, then the resulting pattern shown in Fig. 
2-32 is considerably smoother although the 
aperture distribution is somewhat more 
peaked, as seen from Fig. 2-33. 

This particular method of synthesis is 
quite useful because of the flexibility the 
designer has in arriving at the final radia¬ 
tion pattern and his ability to adjust the 
0.1 02 03 Q4 05 06 a? 08 09 1.0 ^ theoretical pattern by graphical pro- 

Fio. 2-29. E(4>) pattern for cosecant Although the example discussed 

shaping. has used only real values for C„ to simplify 

the calculations, there is nothing in the pro¬ 
cedure which prevents the use of complex values for Cn. It is (luite possible that a 
judicious choice of the phase angles for the CnS might have given as effective a control 
over the ripple as did the changing the value of J^(0). 


-Pn= 2tt 


0.1 02 03 04 05 06 07 08 09 1.0 s\n ^ 

Fig. 2-29. E(^) pattern for cosecant 
shaping. 



Fig. 2-30. Synthesis of cosecant pattern for E(0) « 0. 

One note of caution should be added. Although beams can be added for values 
of Ism 01 > 1 m order to control the amplitude at points intermediate between the 
ordinates, the energy in these “imaginary beams” (when 0 is complex) is primarily 
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of a reactive nature and can result in laree j 

with consequent reduction of bandwidth and increase ofSe^^TtfsTh^rf^^^H 
able to minimise or eliminate those beams * therefore desir- 

which radiate in directions specified bv 
lain <^| > 1. 


Methods Useful for Reflector-type 
Antennas. There are several methods 
useful for producing shaped patterns with 
reflector-type antennas. One technique 
which is readUy applied to a standard 
paraboloidal reflector, combines a number 
of narrow beams to form a wider beam, 
shaped in the vertical plane by the use of 
an extended feed system. In some re¬ 
spects, this technique has a certain simi¬ 
larity to the Woodward-Lcvinson method 
discussed earlier in tlie section. 

In applying this technique, a rectan¬ 
gular or elliptical section of a full parabo¬ 
loid is used as the reflector surface. The 
horizontal dimension of the reflector sec¬ 
tion is chosen to give the desired horizon¬ 
tal beamwidth, while the vortical dimen¬ 
sion is chosen to control the rate of cutoff 
of the vortical beam. The vertical di¬ 
mension also influences the feed-system 
problem, particularly if a small value is 
chosen, since the feed horn or dipole for 
oa<ih beam would have to have a sizable 
vertical dinienHion. The 
rango of 2:1 to 4:1, 
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Fig. 2-31. Aperture distribution for Fig. 
2-30: (a) Amplitude distribution. (6) 

Phase distribution. 


aspect ratio of the reflector commonly has a value in the 



Sin<|> 


Fuj. 2-32. HynthoHis of cosecant pattern for E^O) — 0.8. 

A (U)nHi(lerable amount of experimental effort is necessary in the design of an 
oxteiuled feed sysU^m. The basic principles can be seen from Fig. 2-34. For each 
feed in the vertical plane, there is a corresponding vertical beam whose position is 
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determine what bandwidth can be oLained for a ^ven 

of the theoretical limitationa on broadband matching haa been con- 
adered m some detail by Kano., and by Tanncr.»o.« It has been shown tSt « 



■— flT” q;' ' ■ ./r 


Fig. 2-;jr>. Smith (riuirt plot of ant<^nna chamctcriHtics bofore (dashed) and after (solid) 
rotation. 


inaxiinuin bandwidth in to bo obtaiiiod, then it is necessary that the reflection coeffi¬ 
cient b(j as (dose to a constant as possible over the bandwidth. A consequence of this 
is that if the renootioii {locdUcicnit has a very low value at one point in the band, then 
the bandwidth will be lower than the theoretical maximum value for a given maximum 
value of reflection coidlic.iimt. Practically, this means that the impedance plot of the 
coinpimsated cinmit should have a shape as close to that of a circle as possible. 

Some studi(^H have b(um made regarding the maximum attainable bandwidth for an 
impedance (uirvii which can be represented by a simple RLC circuit. Once the 
designer has (letcrmimul the Q of the circuit to be matched, then it is possible to 
predict with a fair degree of accuracy what maximum bandwidth can be obtained 
for a given allowal)le value of standing-wave ratio. 
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At the present time, the design of impedance compensating networks is still an 
art rather than a science and the effectiveness of a design depends to a large part on 
the ingenuity of the design engineer. It is therefore important to know the possible 
limits of performance beforehand in order to avoid striving for a theoretically impossi¬ 
ble design. 

The measured impedance curve of the antenna is first determined. A typical curve 
is shown in the dashed line of Fig. 2-35 (taken from Ref. 30). If this curve is rotated 
through a short section of 50-ohm line so that the resistive component is essentially 
constant, the impedance takes the form of the solid curve of Fig. 2-35. Figure 2-36a 

(fl) 


•-J—JPwRn- 

I 
I 


•- 1 

MATCHING NETWORK 


Sil 


(b) 


I-1 

NETWORK TO 
BE MATCHED 


Equivalent network for impedance characteristic of solid 
(b) Matching network which can be used with (a). 


our VO, 


Fig. 2-36. 


is oae representation of the equivalent oireuit of this impedance. If the susceptance 
of the parallel-resonant circuit is subtracted from the solid curve, the impedance is 
given by the square points on Pig. 2-35, whieh represent the series-resonant eircuit 
of Fig. 2-36a. 

The Q of the series-resonant circuit is approximately 16 as determined from 



where fr — resonant frequency 

= frequency difference between half-power points 
The half-power points are defined by the frequencies at whicli the series reactance is 
equal to the series resistance. 

Inspection of the impedance chart shows that the resonant frequency is 222 Me, 
while the half-power points are 216.5 and 230 Me, giving 

n _ 222 

^ 230 - 216.5 

An alternative method of computing Q when the reactance is not zero at the center 
frequency is to use the following relationship: 


Q 


j_^,m 

Af 2/e ^ 2/e 


where f =« geometric mean frequency 
A/ = frequency interval 

AX = absolute value of reactance change through frequency interval 
R = resistance 

1^1 = absolute value of reactance at geometric mean frequency 
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For most impedance curves, it will be possible to evaluate the Q at a particular fre¬ 
quency by choosing a small enough frequency interval where the resistance is essen¬ 
tially constant. The average Q over a frequency band can be estimated by plotting 
Q versus frequency. 

For the equivalent circuit of Fig. 2-36a, a matching network of the form given in 
Fig. 2-366 can be used. It should be noted that for the matching network shown, the 
first element is a shunt parallel-resonant circuit. In order to obtain optimum match¬ 
ing, the susccptance of the equivalent parallel-resonant circuit in the antenna must 
be less than the required suscoptance of the first element of the matching network. 



Fia. 2-37. Optimum matching to a Himplc resonant cinmit which can bo obtoinod with a 
network of n oloments. 


If tliis is the c*iso, then the parallel-resonance circuit in the antenna impedance can 
be lumped with the first element of the matching network. 

Having determined the approximate Q of the antenna to be matched and having 
specified the required bandwidth, it is then possible to determine the optimum 
standing-wave ratio which can be achieved with a network of N elements. Figure 
2-37, which has been derived by Tanner from the results of Fano, sliows the standing- 
wave ratio obtainable for networks of 2, 3, and an infiniU^ number of elements versus 
6Q, where 5 is the fractional bandwidth defined by 




v77* 


i.e., the frequency interval divided by the geometric mean fnuiuency. 

Taking the impedance curve of Fig. 2-36 as an example and assuming that the 
antenna is to be matched from 214 to 234 Me, it is found that 3 « 0.0806 and that 
8Q = 1.37. Ileferring to Fig. 2-37 and assuming that a two-element matching net- 
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work is used (one shunt element and one series element), it is seen that a standing- 
wave ratio of approximately 1.5 can be attained over the frequency band. 

Although the above theory is based on the use of the lumped-element matching 
networks, it is also useful in estimating the potential performance of distributed- 
element networks provided the bandwidths are not too large, say for values of 6 
considerably less than 1. It should also be mentioned that although the example 
considered had a series-resonant type of load, the same methods also apply where tlie 
load behaves as a parallel-resonant circuit. 

2.16. GAIN LIMITATIONS FOR AN APERTURE OF SPECIFIED SIZE 

It has been shown previously that the gain of a uniformly illuminated aperture- 
type antenna without losses is expressed by 

where A is the area of the aperture. The value of gain obtained from this expression 
normally represents an upper limit which can be realized with practical structures. 

Certain classes of aperture distributions offer the theoretical possibility of higher 
values of directivity than can be obtained with uniform distribution. In general, 
these theoretical distributions are characterized by reversals of phase over a distance 
short compared with the wavelength. One common feature of these supergain 
distributions is the large amount of stored energy in the aperture region since very 
high values of field intensity are necessary in order to produce the same radiated 
field as would be produced by a uniformly illuminated aperture with much lower 
values of field intensity. 

The large values of stored energy in the aperture region of a supergain antenna” 
cause a number of engineering problems which are severe enough to make this type 
of antenna completely impractical. The first problem is that of extremely high Q’s, 
which limit the operating bandwidth to extremely small values. For instance, it 
has been stated by Taylor** that an antenna designed within a sphere of 50 wave¬ 
lengths diameter will have a beam width of approximately 1°. If the same beam- 
width is to be maintained while the diameter of the sphere is reduced to 45 wave¬ 
lengths, the Q will rise to a value of 500. If the diameter is reduced to 40 wavelengths, 
the Q will rise to a value of 5 X 10^°. For further reductions in diameter, the value 
of Q rises to astronomical values. Since the bandwidth is of the order of the inverse 
of Q, it can be seen that the bandwidth diminishes rapidly. 

As a result of the high stored energy, large values of circulating current flow in the 
antenna structure and a point is very quickly reached at which the ohmic losses com¬ 
pletely nullify any gain increase due to increased directivity. 

Another concomitant of the “supergain antenna” is the extreme precision required 
in order to achieve any substantial increase in directivity. 

There is an abundant literature on the topic of supergain antennas, and the 
antenna designer who may be tempted to build such antennas should consult these 
references.®*"*® 

Lest the situation be considered completely hopeless, it should be mentioned that 
for certain end-fire arrays in which the values of gain are modest, some increase in 
gain can be achieved. Mention of the Hansen-Woodyard phasing condition has been 
made, in Sec. 2.8, where it has been shown that the gain can be increased by a factor 
of 1.8 at the expense of reduced performance. One particular design has been given 
in the literature*® where a four-element end-fire array has achieved a modest increase 
in gain and directivity at the expense of bandwidth. However, aside from the special 
case of end-fire arrays, the designer is to be discouraged from attempting to construct 
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arrays which have gains higher than the value given for tho -ii • x- 

. lj.i. option i. p.«l.„l.r.y 

large m terms of wavelengths. aperture is 

2.16. SCALE MODELS OF ANTENNAS 

”‘"f "T^"' “ the ability to scale his 

designs. It is a direct consequence of the linearity of Maxwell’s equations that an 

electromagnetic structure which lias certain properties*' at a given freouenev f will 
have Identically the ^me properties at another frequency nrprevSd J iinifr 
dimensions are scaled by the ratio 1/n. Thus an antenna design which works in one 

adchtioni3“'-“‘''“ - 1 ° "““Se of frequencies without 

additional redesign, provided an exact scaling of dimensions can be accomplished 

Quito aside from the ability to transfer design relationships is the abiUty to m'ake 
radiation-pattern studios on scale models which are convenient in size The aircraft 
antenna field is one in which full-size radiation studies are extremely awkward time- 
consuming and expensive. The possibility of studying aircraft antennas on a scale 
model** which may be as small as one-twentieth or one-fortieth of full size brings 
such studies within the realm of the laboratory rather than requiring an elaborate 
flight operation. 

For most types of antennas, sealing is a relatively simple matter. Table 2-6 shows 
how the dimensions and (dectromagnotic properties vary as a function of the scale 
factor. 


Table 2-6 


(Quality 

Full-scale system 

Model system 

Length. 

Lp 

Lm = Lf/ti 

Frequency. 

fw 

Dioloctri(^ constant. 

j y 

/m flfp 

CM « ep 

Conductivity. 

tT If* 

Permeability. 

w ir 

il ff 

O'M * Tiop 
flM = /JLF 




It will l)(i noted that all the (iiiantities can be satisfactorily scaled except for the 
conductivity. If the full-size antenna is constructed of copper or aluminum, then it 
is not possible to obtain materials which have conductivities that are an order of 
magnitude higlu^r. Fortunat(jly, conductivity losses affect the operation of most 
anteniuis to only a minor d(*gr(*e, so that the inability to scale the conductivity is not 
usually serious. This is not true for devices such as cavity resonators, where the 
losses may be apiirt'ciabh^ For a few types of antennas, such as very long wire 
antennas, where the conduc.tivity losses of the antenna and of the ground may play a 
part in the radiating proi)ertieB of the antenna, it may be necessary to proceed with 
considerable caution b(*fore making scale-model studies. 

While it is true that an (^xa<it s(^ale model will have exactly the same radiation 
patterns and input impcHlance as the full-scale antenna, it is not always possible to 
achieve perfect scaling. This is particularly so for such items as transmission lines, 
screw fastenings, etc. Slight disc^repancies in scaling will usually affect the impedance 
properties miKjh more than the radiation properties. It is therefore wise to consider 
scale-model impcidance studies as primarily qualitative in nature, even though it is 
valid to consider scale-model radiation patterns as being highly accurate. Usually 
the general trend of the impedance characteristics is determined from the scale model 
but the final impedan(*.e matching work can be completed only on the full-size antenna. 
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8.1. CYLINDRICAL DIPOLES 

Impedance as a Function of Length and Diameter. The imp(»dan(?e (iharacteristics 
of cylindrical antennas have been investigated by many writers.^ Theoretical work 
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has mainly been confined to relatively thin antennas Oength-to-diameter ratio greater 
than 16), and the effect of the junction connecting the antenna proper and the trans¬ 
mission line is usually not considered. Among various theories, the induced emf 
method* of computing the impedance of a cylindrical antenna based upon a sinusoidal 
distribution is still found to be very useful. The formula derived from this method 
is extremely simple. It is, however, valid only when the half length of a center- 
driven antenna is not much longer than a quarter wavelength. In practice, this is 
the most useful range. To eliminate unnecessary computations, the formula has 
been reduced to the following form: 

Zi = R(JU) - j [^120 (log ^ - l) cot kt - XCJto] (3-1)* 

where Zi « input impedance in ohms of a center-driven cylindrical antenna of total 
length 2^ and of radius a 

kt ^ Tnr {t/\) = electrical length, corresponding to measured in radians 
The functions R(kl) and Xik^ are tabulated in Table 3-1 and plotted in Fig. 3-1 
for the range kt < ir/2. When the length of the antenna is short compared with a 
wavelength but still large compared with its radius, the same formula rcidiices to 

(ZOthort = 20(A;fl« - il20(W)-> (log f - l) (3-2) 

Table 8-1. Functions R(kt) and X(kt) Contained in the Formula of the Input 
Impedance of a Center-driven Cylindrical Antenna 


kt 

R(k0 

Xikt) 

kt 

R(k{) 

X(ki) 

0 

0 

0 

0.9 

18.16 

16.01 

0.1 

0.1606 

1.010 

1.0 

23.07 

17.69 

0.2 

0.7980 

2.302 

1.1 

28.83 

20.64 

0,3 

1.821 

3.818 

1.2 

36.00 

23.93 

0.4 

3,264 

6.684 

1.3 

43.66 

27.88 

0.6 

6.171 

7.141 

1.4 

62.92 

32.20 

0.6 

7.663 

8.829 

1.6 

04.01 

38.00 

0.7 

0.8 

10.48 

13.99 

10.68 

12.73 

i 

7r/2 

73.12 

42.40 


For antennas of half length greater than a quarter wavoUsngth, theni a^(^ a number 
of refined theories which provide formulas for the computation of the impedance 
function. None of them, however, is simple enough to b(i included here. As far as 
numerical computation is concerned, Schelkuiioff’s method® is relatively simpler than 
Hall6n*s.^ It should be emphasized that all these theories are formulated using an 
idealized model where the terminal condition is not considered. 

In practice, the antenna is always fed by a transmission line. The complete 
system may have the appearances as shown in Fig. 3-2. The effeuitive terminal 
impedance of the line (often referred to as the antenna impedance) then (h^pends not 
only upon the length and the diameter of the antenna but also upon the t(*rmiual 
condition. In cases a and b, the impedance would also be a fumdion of the size of the 
ground plane. For a given terminal condition the variation of the impedance of a 
cylindrical antenna as a function of the length and the diameter of the antenna is 
best shown in the experimental work of Brown and Woodward.* The data cover a 

* Natural logarithms are used in this chapter unless specified otherwise. 
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wide range of values of the length-to-diameter ratio. Two useful sets of curves are 
reproduced in Figs. 3-3 and 3-4. The impedance refers to a cylindrical antenna driven 
by a coaxial line through a large circular ground plane placed on the surface of the 
earth. The arrangement is similar to the one sketched in Fig. 3-2a. The caption 
of the figure indicates that the length and the diameter of the antenna are measured 



Fra. 3-1 The functions R{k() and X{kl), 
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Fiu. 3-2. Driving an antonna hy a pair of transmission lines. 

in degrees; i.e., a length of one wavelength is eriuivalent to 3G0®. If the effects duo 
to the terminal condition and finite-size ground plane are neglected, the impedance 
would correspond to one-half of the impedance of a center-driven antenna (Fig. 3-2c). 
In using those data for design purposes, one must take into consideration the actual 
terminal condition as compared with the condition specified by those two authors. 
In particular, the maximum value of the resistance and the resonant length of the 
antenna may change considerably if the “base capacitance'' is excessive. 
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Effect of Terminal Conditions. Many mithora have attt'inpfcMl to (l(*t(‘rinino the 
cquivalent-oircuit elonionls corrcHponding to difforont tcTiniiml coiulitioiiH Sc.hol- 
kurioff and Friis® have introduced the coriceptH of “baHc (wipacitan(u‘” uiul “iK^ar-baso 
capacitance^” to explain the shift of the impedance curve as th(^ terminal condition is 
changed. Similar interpretations have been given by King^ for a cylindrical antenna 
driven by a two-wire line or by a coaxial line and by Whinnery» for a bicuinical antenna 
driven by a coaxial line. The importance of the terminal condition in elTecting the 
input impedance of the antenna is shown in Figs. 3-5 and 3-(). They are again 
reproduced from Brown and Woodward's paper. Because of the large, variation of the 
e ective terminal impedance of the line with changes in the geometry of the terminal 
junction, one must be cautious when using the theoretical results based upon isolated 
possessing simple geometry the static me.thod of SchelkunolT 
and I^Yiis, King, and Whinnery can be applied to estimate, the shunt capacitance of 
the junction. The latter then can be cornbineel with the impedance of the antemna 
proper to evaluate the resultant impedance. For intricate junctions, accurate infor¬ 
mation can bo obtained only by direct measurement. 
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ANTENNA LENGTH-DEGREES 


Fig. 3-6. Resistance as a function of antenna length A. The diameter D is 20.6®. Curve A : 
The arrangement shown in Fig. 3-26. Curve B: the arrangement of Fig. 3-2a, with the 
diameter of the outer conductor equal to 74®. The characteristic impedance of the trans¬ 
mission line is 77.0 ohms. Curve C: The outer-conductor diameter is 49.5®, and the trans¬ 
mission line has a characteristic impedance of 52.6 ohms. Curve D: The diameter of the 
outer conductor is 33®. The characteristic impedance is 28.3 ohms. Curve E: this curve 
was obtained by tuning out the base reactance with an inductive reactance of 65.0 ohms. 


ANTENNA LENGTH-DEGREES 



Fig. 3-6. Reactance curves corresponding to the resiHl anee curves of Fig. 3-6. 


Equivalent Radius of Noncircular Cross Sections. Ah far hh ihv. impedance charac¬ 
teristics and radiation pattern arc concerned, a thin cylindrical antenna with a non¬ 
circular cross section behaves like a circular cylindrical antenna with an equivalent 
radius. In stating this characteristic, the terminal effect is, of course, not considered. 
The equivalent radius of many simply shaped cross sections can be found by the 
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method of conformal mapping.»•'» For an elliptical cross section the following simple 
relation exists: 

Oeq * K(a + b) (3^) 

where a = major axis of ellipse 
h = minor axis of ellipse 

For a rectangular cross section the result is plotted in Fig. 3-7. It is observed that 


Fio. 3-7. 
width a. 



Equivalent radius Oeq of a rectanffle as a function of the ratio of thickness t to 


in the case of a strip, (3-3) and Fig. 3-7 give the identical result. When the cross 
section has the form of a regular polygon, the result is tabulated in Table 3-2. 


Table 3-2. Equivalent Radius of a Regular Polygon 


n 

3 

4 

5 

a 

(hq/a 

0.4214 

0.5903 

0.7603 

0.9200 


n “ number of sides. 
a = radius of the outscribed circle. 


The equivalent radius of two parallel cylinders of radius pi and pa separated by a 
distance d between the centers is given by^^ 

" (pt + p2)a 

Formulas for the equivalent radius of three cylinders and an angle strip are found in 
Ref. 11. 

Patterns as a Function of Length and Diameter. In this se(ition only the radiation 
pattern of center-driven cylindrical antennas is discussed. For base-driven antennas, 
the patterns depend very much upon the size of the ground plane. The subject will 
be discussed in the section dealing with monopolcs. 

The radiation pattern of a center-driven cylindrical antenna in general depends 
upon its length and thickness. Tlie terminal condition which plays an important 
role in determining its impedance has a negligible effect on the pattern. For thin 
antennas, the calculated pattern obtained by assuming a sinusoidal current distribu¬ 
tion is a good approximation of the actual pattern. Thus, with an assumed current 
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distribution, of the form 

I(z) = /o sin k(t — 1*1) +< > z > - ( 

tlie radiation field, expressed in a spherical coordinate system, is given by 
_ r cos (kt cos 9) — cos fe/ 'l 

L sin » J 

■vhere ij = (/*/«)^ “ 120ir ohms 

6 = angle measured from axis of dipole, or z axis 
The field pattern is obtained by evaluating the magnitude of the term contained in 
the brackets of Eq. (3-6). Some of the commonly referred to patterns are sketched 
in Fig. 3-8. Comparing those patterns with the actual patterns of a thin cylindrical 


(3-5) 

(3-0) 



L=I.0X L'l.iaSX L«I.375X L=®D 


Fio. 3-8. patterns of center-driven dipoles nssuminK simisoidal current distri- 

bution. 

antenna obtained by measurement, one finds that tlie tlu'orcaieal patterns based 
upon a sinusoidal current distribution do not contain the following information. 

1. The nulls between the lobes, except the “natural null” in the direction of the 
axis, are actually not vanishing. 

2. The phase of the field varies continuouHly from lobe to lobe instead of having a 
sudden jump of 180® between the adjacent lobes. 

3. The actual patterns vary slightly with respect to the diaiiK'txT of the antenna 
instead of being independent of the thickness. 

Depending upon the particular apjilicatioiiH, some of the fine details may require 
special attention. In most ciusos, the idealized pat terns l)as(‘d upon a sinusoidal cur¬ 
rent distribution give us suflicient information for design purpose. 

When the half length f of the antennas is less than about one-tenth wavelength, 
lOq. (3-()) is well approximated ])y 

«.7) 

The “figure-eight” pattern resulting from the plot of the sine function is not only a 
characteristic of short cylindrical antenna hut also of all small (lipole-typ<^ antenniw. 
hkiualions CM)) and (3-7) are also commonly used to evaluate the directivity of 
linear antennas. The direc.tivity is defined as 

^ _ maximum radiation int(*nsity 
“ im^rage radiation intensity 




L=I.OX L=I.I25X L=I.375X L=4.35D 


I’lo. 3-9. Uadiation paitonis of center-driven cylindrical antenna with different longth-to- 
diarnci<‘r ratio. 

For a short dipole, D is ocpial to 1.5. The directivity of a half-wavo dipole (/ = X/4) 
is ccpial to 1.04. The half-wave dipole is often used as a reference antomia to describe 
the gain of more directive antennas, particularly arrays made of dipoles. 

The radiation patterns of thick cylindrical antennas have boon investigated only 
experimentally. Figure 3-9 shows some nieas\ired patt(^rns corresponding to three 
values of the length-to-diaineter ratio. The significant change as compared with 
Fig. 3-8 is the disappearance of the sharp nulls between the lobes. 
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3.2. BICONICAL DIPOLES 


Impedance as a Function of Length and Cone Angle. When tho angles of a sym¬ 
metrical biconical antenna (Fig. 3-10) arc small, the input inipc'daiu^o of tho antenna 

can 1)0 calculated by using Scholkuuoff’s for¬ 
mula.^* Some sample curv<^H are shown in Fig. 
3-11. While tho biconical antenna is an excollont 
theoretical model for studying the essential prop¬ 
erty of a dipolo-type antenna, small-angle biconi¬ 
cal antennas are seldom used in practice. Wide- 
angle biconical antennas, or their derived types 
like the discones, however, are frequently used as broadband antennas. The broad¬ 
band impedance characteristics occur when the angle of the cones, 0o of hlg. 3-10, lies 
between 30 and 60®. Tho exact value of is not critic.al. Usually it is chosen so 
that the characteristic impedance of the biconical dipoh^ matches as closcdy tis possible 
the characteristic impedance of the line which feeds the antenna. The cliaractcristic 
impedance of a biconical dipole as a function of the angle is plotted in Fig. ;j-12. For a 



Fig. 3-10. A biconical dipolo. 




Fig. 3-1 la. Input, impedance of Hiimll-aiiKle Fig. 3-1 1/>. Input imix'danco of small-anglo 
bicouidiil iintcnnuH (n'Mintanee). biconical uiitcnmiH (reactance). 
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Fio. 3-12. Cliaractcristic impodauco of a biuonical dipolo. 



ANTENNA LENGTH-DEGREES 

Fia. 3-13. MoaH\ire<l ronistanoo eurvos of tho conical unipolo vs. length in electrical degrees 
for variouH flare aiiKloH. 
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Fio. 3-14. Measured roaetanco curves of the conical unipolo vh. lonKth in (dcetri(tal degrees 
for various flare angles. 
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conical monopole driven against an infinitely large ground plane, the characteristic 
impedance and the input impedance of the antenna are equal to half of the correspond¬ 
ing values of a dipole. Several formulas" are available for computing the input 
impedance of wide-angle biconical antennas. Actual computation has been confined 
to a very few specific values of So- More complete information, however, is avail¬ 
able from the experimental data obtained by Brown and Woodward." Two curves 
are reproduced in Figs. 3-13 and 3-14. The ciisc corresponding to ee =0° represents a 
cylindried antenna having a diameter of 2.5 electrical degrees at a frequency of 
600 Mo since the feed point was kept fixed at that diameter. 

Patterns of the Biconical Dipole. The radiation patterns of biconical dipoles have 
been investigated theoretically by Papas and King." Figure 3-16 shows the patterns 
of a 60°-flnre-angle (flo = 30”) conical dipole for various values of ka, where k =■ 25r/X 
and a = half length of the dipole, which is the same as the t used in Fig. 3-10. Similar 
curves corresponding to different values of the flare angle have been obtained experi- 
mentally by Brown and Woodward.^® 

3.3. FOLDED DIPOLES 

Equivalent Circuit of Folded Dipole. A folded dipole is formed by joining two 
cylindrical dipoles at the ends and driving them by a pair of transmission lines at the 
center of one arm as shown in Fig. 3-16. The diameters of the 
two arms can be either identical or different. A simple analysis, 
based upon a quasi-static approach, of the operation of a folded 
dipole of arbitrary dimension has recently been given by Uda 
and Mushiake.i® According to their method, the excitation of 
a folded dipole can be considered as a superposition of two 
modes as shown in Fig. 3-17. The impedance of the sym¬ 
metrical mode, characterized by t.wo equal driving voltages, can be calculated by 
making use of the 0 (iuivalent radius of two conductors as discnissed in Sec. 3.1. The 
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Fig. 3-16. Folded di¬ 
pole. 
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Fuj. 3-17. Docoinposition of the folded dipole into two fundaniorital modes. 


equivalence is sliown in Fig. 3-18. Tlic hnpedaucc function Zr is therefore the 
same as the inqxulancc of a cylindrical dipole with an ociuivalent radius p« given by 

log p, = log Pi -i- M h>K v) (3-9) 

where the various parameters arc explained in Fig. 3-18. The impedance of the 
asymmetrical mod(^, characterized by equal and opposite currents on the two arms, 
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Fia. 3-18. The equivalent roprosontation of 
the symmetrical mode in computing Zr, 



Fio. 3-10. lOquivalcnt circuit of a folded 
dipole. 


is the same as the shorted section of transniissioa lino of length ecjual to that is, 

Zf . -- jZt tan kf ( 3 .IO) 

where Zo is the characteristic impedance of the two-win^ lino. Mxpn^saod in terms 
of Zr and Z/j the input impedance of a folded dipole is given by 

^ _ (1 + a)K _ 2(1 -f- a)^ZrZf 

U Ir+h (I +a)»Zr'+'2Zf 

An equivalent circuit based upon Eq. (3-11) m shown in Fig. 3-10. For a folded dipolo 
of length ^ equal to X/4, Z/ is very largo (?ompared with (I -f a)^Zr; hence 

Zx/4 " (1 a)^Zr (3-12) 

Impedance Transformation as a Function of the Ratio of Conductor Sizes. The 
stop-up impedance ratio (1 -ho)* as a function of fi and v has been cahuilated by 
Mushiako.*® The diagram is reproduced in Fig. 3-20 using the formula for a given 
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in Fig. 3-17. Wlicn p, and pa arc small compared with d, the value of 
good approximation by 


o is given to a 


_ „ (rf/pi) 
log Ol-M 


(3-13) 


Ciuertlcr.«> Equation (3-12) can also be used to 
calculate the mpu impedance of a Yagi-Uda array if tlie driving unit is made of a 
folded dipole as shown in Fig. 3-21a. The impedance function Zx/, is then inter- 
pretocl as tlio input impedance of the array shown in Fig. 3-216. 



la) (b) 

Fig. 3-21. Yagi-Uda array driven by a folded 
dipolo. 
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(a) (b) (c) 

Flo. 3-22. Triply folded dipoles. 


M^tiple-folded Dipoles. As indicated by Eq. (3-12), the impedance level of a 
folded dipole can be adjusted by clioosmg a proper value of the step-up ratio. Another 
way of adjusting the imiiedance level is to use a multiple-folded dipole. Figure 3-22 
shows several possible arrangements of a triply folded dipole. If the conductors are 
of the same size and a half wave long, the input impedance is approximately equal to 
SZr, wliere Zr is the input impedance of an antenna formed by the throe conductors 
driven simultaneously by a single generator. The equividcnt radius of such a com¬ 
bination IS equal to (pd»)W, where d is the separation of the conductors and p is the 
radiua of each conductor. 


3.4. ASYMMETRICAL DIPOLES 


Mean-value Formulas for the Impedance of Asymmetrical Dipoles. Asymmetrical 
dipoles are the prototype models of many antennas commonly used on aircrafts, like 
the tail-cap antiumas, wing-iiiip antennas, and the trailing-wirc antenna.** While no 
accurate formula is yet available for deter¬ 


mining the input impedance of an asym¬ 
metrical dijiole, several approximate treat¬ 
ments have Ix^en siiggesbul.*^ One of them 
is the so-call(xl “rnean-valiK^ formula.”** 
According to this formula, tho impedance 
of an asymm(d.ri(!al dipole is given approxi¬ 
mately by 

z « + Z,) (3-14) 



Fi<i. 3-23. Iinpodanocs involved in the 
mean-value formula. 


where Zi and Z^ demote the impedance of two center-driven dipoles of half length 
equal to A and as shown in Fig. 3-23. Tho formula, which is not exact, is the 
simplest one to use in estimating the impedance of asymmetrical dipoles. 

Patterns of Asymmetrical Dipoles. Tho method which leads to the mean-value 
impc ance formula can also bo used to obtain the radiation pattern of an asymmetrical 
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-^2 * X ^|=2-*X 
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■£,+- 62 = 3^ X 


Z,= Z\ 




Fio. 3-24. Radiation pattorns of asyinmptrioai dipoicH with dilTorciit aHyinmotry ratio. 

dipole. No calculation, however, has actually boon made to supply lliis information. 
A iMge amount of experimental data has boon gathered at the Antenna Laboratory 
of Stanford Research Institute." Figure 3-24 shows some typical patterns of a 
number of asymmetrical dipoles with various degrees of asyininetry. Figure 3-26 
shows the change in the pattern as the frequency is varied while keeping the asym¬ 
metry ratio constant. 
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Fig. 3-26. Radiation patti^rriH of an asymmetrical dipole at different frequoncios. 


3.6. SLEEVE DIPOLES 

Equivalent Circuit of a Sleeve Dipole. The geometrical shape of a sleeve antenna, 
or a sleeve monopole, is sketched in Fig. 3-26a. If the image of the structure is 
included, then we have a sleeve dipole as shown in Fig. 3-265. A sleeve dipole can 
therefore be considered as a doubly fed antenna where the current is a relative maxi¬ 
mum at the center of the dipole or at the base of the monopole. Antiresonancos of 
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the antenna impedance function take when S \h approxirniitoly an odd multiple 
of a quarter wavelength or L is a limitiplc of a half wav(*lcngth. Theoretical analysis 

1 I very rc8trict<!(l ranges of L and 5,”'“ 

I L and the results do not have the same de- 

1 i * J. K”*® "■•’‘■■“'•acy as tho thcoryofaconte^- 

-t— pn p ground n ' "T driven dipole. 

? I i ! Inapedance as a Function of Length and 

-*- M — Diameter. The most complete experimen- 

II —COAXIAL <lata on the impedance characteristics 

II LINE U . of a sleeve antenna are found in the 

■ article by Norgorden and Walters." Two 

' ' w'ts of curves are reproduced here, Pig. 

J :i-27« and b, showing the general charac- 

Fio. 3-20. The slcovi' aiiliMiiia. teristies of sleeve dipoles corresponding to 

a diiTcrent ratio of L/S. Tlie over-all 
length of the antenna, the sum of L and S, is fixed at 30 in. Similar curves but 
covering a smaller range, are also found in the Itadio Ileseareh Uboratory book." 

Patterns of the Sleeve Dipole. The radiation patterns of the sleeve anteimas have 
also been investigated experimentally by Norgorden and Walters.” Figure 3-28 


- COAXIAL 
LINE 


Fio. 3-20. The Bloc VC* aritc'iina. 
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CURVE 6. 1.4 

CURVE 3 . 

CURVE 4.0.50 

CURVE 5.0 25 



130 170 ?I0 2b0 290 330 

FREQUENCY IN MC’S 

Ifi(j. 3-27a. Input rc'HiHtancc* of hIc'c^vc* uiitcnnu an a function of fr(*ciu(*n(*y. 

shows tho cluingo of |>attcriiH tin a r(*Hult of varying the* fn*(|U(*n(*y. Figure 3-20 shows 
the change of paiterna wlum the ratio L/S is varic*(l. The* Hinall fluctuations duo to 
the size of the ground plane have been wnoothed onl. 


3.6. COUPLED ANTENNAS 

Circtiit Relationships of Radiating Systems. Wluni H(*v(*rnl antennas arc coupled 
to each other the* input voltage* and input curn*ntH to tlu* autiuinas follow the saino 
relationship ns ordinary coupled lureuits.*’ For ti systi'iu of n antennas, the relation¬ 
ships are 


i - 1, 2, . . . , n 


(3-16) 
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295 Me 345 Me 

Fig. 3-28. Vertical field patterns of sleeve antennas with fixed radiator diameter (}^ in.), 
sleeve diameter (4 in.), radiator length to sleeve length of 4, and a total length of 30 in. at 
frequencies as shown. 
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2.0 4.0 

Fig. 3-29. Vertical field patterns of sleeve antennas with fixed radiator diameter in.), 
sleeve diameter (4 in.), and total length of 30 in. at 345 Me. Ratios of radiator to sleeve 
length are indicated under each figure. 
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Kio. 3-30. Mutual inipodanco between two parallel half-wave anicuiiuifl placed side by side. 


where Zii is called the self-impedance of antenna i and Zij or Zji is called the mutual 
impedance between antenna i and antenna j. In the ctise of linear radiators, Cartcr^s 
method, or the induccd-<inif method based upon sinusoidal current distribution, is the 
simplest one to use in determining the various Z*b. The method applies only to 
antennas shorter than a half wavelength. The self-impedance detc^rmiried by this 
metliod is the same as that given by Eq. (3-1). The formulas for the mutual imped¬ 
ance of two parallel antennas of equal size are found in Carter’s original paper or in 
Kraus’s book.” Figure 3-30 shows the mutual impedance of two parallel half-wave 
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antennas placed side by side. Figure 3-31 shows the mutual impedance of two 
parallel collinear half-wave antennas. Mutual impedances of two parallel antennas 
of unequal sizes have been investigated by several authors.®^"*® The induced-emf 



S 

X 


¥iq. 3-31. Mutual impedance between two collinear half-wave antennas. 

method has also boon applied to crossed or skewed antennas®^-®® to evaluate their 
mutual impedance. Refined calculations based upon Hall6n’s integral-equation 
technique arc found in the works of Tai,®® Bouwkamp/® and Uda and Mushiake.^^ 
The last two authors also evaluated the self-impedance and mutual impedance of 
parallel antennas of unequal sizes, which ultimately applies to the design of Yagi-Uda 
arrays. 

3.7. MONOPOLE ANTENNAS 

Relationship to Balanced Antennas. When a monopole is mounted on an ideally 
infinite ground plane its impedance and radiation characteristics can be deduced from 
that of a dipole of twice its length in free space. For a base-driven monopole, its 
input impedance is equal to one-half that of the center-driven dipole, and the radiation 
pattern above the infinite ground plane is identical with the upper half of the radiation 
pattern of the corresponding dipole. When the ground plane is of finite size, the 
image theorem does not apply. 

Several methods have been devised to investigate the characteristics of a monopole 
mounted on a finite-size ground plane. The first method is due to Bolljahn,^® who 
considers the problem from the point of view of symmetrical components. The 
decomposition is shown in Fig. 3-32, where the ground plane is assumed of the form 
of an infinitely thin conducting disk. For the symmetrical mode of excitation the 
presence of the disk has no effect upon the radiation of the two elements. The 
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problem is therefore the same as if the two elements were plaood in free spa^. 
The antisymmetrical pair of current elements excites equal currents on the top and 
the bottom sides of the disk. This mode is responsible for the variation of the input 
impedance of the antenna as a function of the disk diameter. It is also responsible 
for the asymmetry of the resultant radiation pattern with respect to the ground 
plane. Bolljahn^s original work was developed by assuming a sliort monopolc on a 



Fig. 3-32. Monopole and finito-sizo ground plane and its docoinposition into two inodes of 
excitation. 

disk. The entire analysis is found in Schclkunoff’s book on Advanced Antenna 
Theory.*’** His study of the characteristics of large ground pianos was later extended 
by Storer** to monopoles of arbitrary length. 

Effect of Finite-size Ground Plane on Impedance and Pattern. According to 
Storer, who used a variational method to formulate the problem, the change of the 
input impedance of a base-driven monopolc erected upon a large circular ground plane 
can be written as 

Az-z-z ,=ig I A- /;I’ (3-10) 

where Zo “ impedance of monopolc referred to an infinite ground plane, ohms 
d » diameter of circular ground plane 
k - 2t/X 

h = height of monopole 

/(z) »= current-distribution function of monopole 
I (0) = base current or input current 

The function which is independent of the current distribution, is plotted 

in Fig. 3-33. The real and the imaginary parts of the function an^ respiectively equal 

to (R — I2o) y/1 A: dz | and (X — Xq) dz j . For a quarter-wave 

monopolc, if we assume I(z) = 7(0) c<»s kz, then 

Thus, with a ground plane of a diameter greater than 10 wavelengths, it is seen from 
Fig. 3-33 that the variation of the resistance or the reac.tan(?e of a ciuarter-wavc 
monopole is less than 1 ohm. 

While the effect of a large ground plane upon the input impedance of a monopole 
is not tpo great, the radiation pattern is affected considerably. The obvious effect 
of a large ground plane on the pattern is to cast an imperfect shadow at the bottom 
half of the plane. If the diameter of the ground plane is on the order of a wavelength, 
the resultant pattern can be obtained only by means of the exact solution*® of the disk 
problem based upon spheroidal wave functions. For a large ground plane, the 
pattern distortion can be found cither by Storer’s analysis*® or simply from the 
established solution for a half-plane sheet.*^»*® A typic.al pattern of a monopole 
over a circular ground plane obtained experimentally by bittlc et al.*® is shown in 
Fig. 3-34. The asymmetry of the pattern is, of course, due to environmental diffrac¬ 
tion. Tlic position of the maximum lobe $mj in the case of a short monopole, can be 
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Fig. 3-83. UiiivorHal curvo for tho chaiigo of antenna inipodaiujo as a function of the diatn- 
otcr of the ground plane. 
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Fig. 3-34. Radiation pattern of a monopole Fia. 3-36. Discone antoniui. 

mounted on a circular ground plane. 
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predicted quite accurately using the formula derivable from the half-sheet problem: 

3X 

sin = 1 - ^ (3-18) 


where d is the diameter of the circular ground piano. The ratio of the values of 
E(ir/2) and on the other hand, is practically independent of the size of the 

ground plane. It is given by 


.g(7r/2) 

E(dm) 


= 0.428 


8.8. MISCELLANEOUS LINEAR RADUTORS 

Discone Antenna.*® The discone antenna is formed by replacing one section of a 
biconical antenna by a disk as shown in Fig. 3-36. Its impedance characteristic is 
quite similar to an ordinary biconical antenna. Best broadband impedance charac¬ 
teristic is obtained when the angle of the cone 6 is chosen around 30®. The height h 
of the cone should be at least one-third wavelength at the lowest operating frequency 
of the band. The dimension of the disk, Di, has a groat effect upon the radiation 
pattern of the antenna as the frequency is changed. A large disk tends to reduce the 
field intensity above the horizontal direction, as indicated by the previous discussion 
on the circular ground plane. A too small disk, on the other hand, tends to upset the 
broadband impedance characteristic of the antenna and also tilts the pattern toward 
the cone. Some typical dimensions are found in Kandoian^s paper. 


y 



Fia. 3-30. Monopole and half-plane shoot, Fio. 3-37. Radiation pattern of a qiiartor- 

wave monopolc* mounted at the edge of a 
half-plane slu'ct. 

Monopole Mounted on the Edge of a Sheet,*i When a monopolo is driven against 
a large conducting half-plane sheet (l^Tg. 3-36), its radiat ion characteristics and its 
input impedance differ considerably from the case of a inonopolo driven against a 
large ground plane. If the sheet is semi-infinite and th(^ monopole is short, the radia¬ 
tion pattern of the system in the xy plane is shown in Kig. 3-37. Although there is no 
complete theoretical analysis on the impedance of an antenna mounted on the edge 
of a slieet in the case of a quarter-wave monopole, its input resistance is approximately 
ecjual to the radiation resistance calculated by means of the Poynting-vector method. 
This resistance is cciual to 86.3 ohms. 

Monopole with Radial-rod Ground Plane. When a ground plane is in contact with 
the earth, the latter provides a current path that modifies the characteristics of a finite- 
size ground plane, as previously discussed. Considering a ground system as being 
made of radial conductors embedded in a conducting medium, Wait and Pope** have 
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RELATIVE RADIUS OF SCREEN 

Fia. 3-38. Tho incromontal self-resistance of a vertical quarter-wave monopole on a radial 
oonductor ground system for a wire radius equal to lO"® of a free-space wavelength. 



RELATIVE RADIUS OF SCREEN 

Fia. 3-39. Tho incremental self-resistance of a vortical quarter-wave monopole on a radial 
conductor ground system for a wire radius equal to 10”® of a free-space wavelength. 

calculated tho incremental resistance of a vertical quarter-wave monopole driven 
against tho ground system. The incremental resistance is tho real part of AZr, 
defined by 

aZt ^ Z — Zti 

where Zo = impedance of monopole referred to an infinite perfectly conducting ground 
plane 

Z = impedance of antenna in presence of ground system 
Tho real part of aZt is plotted in Figs. 3-38 and 3-39 as a function of various param- 
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eters, which are defined as follows. 


6 


(f)“ 


where <r = conductivity of earth 

N «= number of radial conductors 
C = radius of wiro/frco-space wavelength 
A = radius of screen/frce-space wavelength 
Other data including the ratio of the current carried by the radial conductors to the 
total current are also discussed in their paper. According to their conclusion, a 
ground screen radius greater than about one-third wavelength is wasteful, and it is 
feasible to choose a large number of radials to reduce the resistance increment to a low 
value. For a given total weight of wire it is preferable to use a conductor of smaller 
diameter, say. No. 22 wire, and to employ 150 or more radial 
conductors. In the case of a good conducting earth, they have 
shown that the distortion of the pattern is of a small order of 
magnitude. 

The Quadrant Antenna. When two short dipoles are placed 
perpendicular to each other and driven in phase, the resultant 
pattern in the plane containing the dipoles is almost omni¬ 
directional. Similar patterns can bo produced by properly 
bending a single dipole as shown in Fig. 3-40. The structure is called the quadrant 
antenna by Wells,** who made an extensive study of its radiation and impedance 
characteristics. An omnidirectional pattern is obtained when its limbs are of the 
order of }^X long. 
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Fio. 3-40. The quad¬ 
rant antenna. 
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4.1. INTRODUCTION 

Long-wire radiators are used as elements in certain types of radiating systems com¬ 
monly called *‘long-wire antennas.” A long wire means a straight conductor from 
one to many wavelengths long having natural current distributions. The current 
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distributions may be standing waves or traveling (progressive) waves on the conduc¬ 
tor. Practical long-wire antennas are the V and rhombic types or their derivatives. 

The radiation patterns of long-wire antennas are typically complicated, in theory as 
well as in practice. Practical engineering design is based on the simplest theoretical 
concepts which give an acceptable first approximation, according to prevailing views. 
It must be understood that a precise proof of performance of a long-wire antenna is so 
formidable an undertaking that it is seldom attempted even on a scale model. A 
substantial body of experimental data has been taken in the region of the main lobe 
where interest centers; and on this evidence the first-approximation approach to 
design gives adequate accuracy for situations where long-wire antennas arc applied. 

As in any branch of engineering where empirical methods are used, one must 
develop a sense of significant values and understand certain limitations of good 
engineering practice. 

Regardless of theoretical complications, long-wire antennas have practical value 
because of their structural simplicity and relatively low cost. 

4.2. SINGLE LONG WIRE AS A UNIT RADIATOR 

Radiation Patterns. The following basic facts about the radiation patterns of long 
wires isolated in free space with idealized natural current distributions will be useful 
for reference: 

1. There is a lobe in the radiation pattern for each half wavelength of wire length. 
Each lobe is a cone of radiation centered on the wire. 

2. With respect to the middle of the wire as center of the polar radiation pattern, 
half of the lobes are tilted forward and half of them backward. If the wire is an odd 
number of half wavelengths long, there is an odd number of lobes, so one of them 
will be normal to the wire. 

3. The direction of the electric field reverses in each successive lobe. This is 
analogous to the reversals of phase of the currents in successive half-wavelength 
portions of the wire. 

4. Between successive lobes are regions of little or no radiation, called nulls, or 
zeros. Practically, these arc minima because the field strengths at those angles never 
actually go to zero. These zeros are related analogously to the curnuit zeros in the 
standing-wave current distribution or to the phase reversals in a traveling-wave 
distribution. 

5. The angles of the zeros are symmetrically distributed about the plane normal to 
the middle of the wire. 

6. For a given electrical length, the angles of the zeros are the same for both stand¬ 
ing- and traveling-wave current distributions. 

7. In the first quadrant the angles of the maxima for both current distributions are 
virtually coincident. The only exception applies to the direction of the main (first) 
lobe for wire lengths less than three wavelengths, as may be seen in Fig. 4-1. 

8. The largest lobe in the radiation pattern is the one forming the smallest angle 
(di) to the wire. For the traveling-wave case, this lobe is in the direction of current 
flow only. For the standing-wave case the radiation pattern is symmetrical with 
respect to the middle of the wire, and so has a complementary major lobe toward the 
other end of the wire. 

I). With a standing-wave current distribution an integral number of half wave¬ 
lengths long, the envelope of the polar plot of the field-strength distribution pattern 
is a straight line parallel to the wire, or more correctly, a concentric cylinder. For a 
nonintegral number of half wavelengths, the middle lobes are further decreased in 
amplitude. The maximum depression of inner lobes occurs when the current distribu¬ 
tion consists of an odd integral number of quarter wavelengths (F'ig. 4-2). 
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Fig. 4-2. Comparison between the polar radiation patterns of a 7.76X- and an 8X-long wire 
with standing-wave current distribution, in terms of relative* (ie'ld Htr(‘ngili. 


10. With traveling waves, the field-strength pattern has lobes of diminishing ampli¬ 
tude, the smallest being in the direction opposite to that of current flow. 

11. Typical deviations from idealized current distributions modify the relative 
lobe amplitudes slightly and fill in the zeros slightly, but do not affect the onfflcs of the 
maxima or the zeros in the radiation pattern. 
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12. The ratios of the amplitudes of successive lobes are higher for a traveling-wave 
system than for the equivalent standing-wave system (compare Figs. 4-3 and 4-4). 

Example of a Measured Standing-wave Current Distribution. Figure 4-5 shows a 
long-wire standing-wave current distribution measured by P. S. Carter. It is seen 
that the true distribution is not well approximated by using an attenuation constant 
and transmission-line theory. Curve a is the current envelope for the antenna as 
measured, and t is the envelope for a transmission line having the same total attenua¬ 
tion as the antenna. 
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Fig. 4-3. Fiold-Btrongth radiation patterns for standing-wave current distributions. 

Equations for the Field-strength Patterns. The far-ficld pattern for a long straight 
wire in free space with pure sinusoidal (standing-wave) current distribution is 
expressed by 

Ee = — I flL cos 0^1 volts/meter (4-1) 

r \_sin e Bin \ X / J 

(A) (li) (C) 

(Cosine or sine in factor (> is used when the number of half wavelengths is odd or oven, 
respectively.) 

The coefficient (factor A ) relates field strength to the antinode current I in amperes 
and the distance r in meters from the center of the wire. If / is expressed in rms 
values, the field strengths will also be expressed in rms values. The factor B by itself 
gives the envelope for the pattern lobes, $ being the angle to the wire axis. Factor C 
by itself oscillates from +1 to —1 and contains the information about the angles of 
the zeros in the pattern. B and C together describe the shape of the pattern. The 
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6-OEGREES 

Fig, 4-4. Field-strength radiation patterns for traveling-wave current distTibutions. 



DISTANCE FROM FEED IN X 

Fig. 4-6. MoasunMl Htanding-wavc current distribution on a long wir<i and coinparison with 
traiiHinission-line tlieory. 


power flow at any angle d ia given by 


]Y s = power denaity, waUH/in<*t<M-* 


For the case of a pe^fe(^t \inattenuatod traveling-wave eiirnuit dialril)iition of any 
length, 

HJq s flh vera d\ volts/ineter (4-2) 

r vera 0 \ X / 

(A) (B) (C) 
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As before, A is a scale factor. Factor B is the envelope factor, with vers d ^ I — cos B. 
Factor C ranges in value from +1 to —1 and contains the information on the loca¬ 
tions of the lobes and zeros. B and C together describe the complete shape of the 
pattern. 

In these equations L is the wire length in meters and X the wavelength in meters. 
Although the C factors in both equations arc not identical, they do in fact have 
identical zeros, and the first quadrant maxima are virtually coincident, with the 
exception noted above. 

The following equations are more convenient for the determinations of the angles 
of maxima and zeros in the far-field radiation patterns for long straight wires with 
traveling-wave current distributions. 

For the angles of the series of maxima of diminishing amplitude starting with the 
largest at Bn\ nearest to the forward axis of the wire, 

Bmm = haversine"^ 2]^ 

where K has successive values of 0.371, 1.466, 2.480, 3.486, and 4.405; then m — 
in order. 

For the angle dom for the rnih zero with respect to the wire axis, from ^oi to 180°, 


Haversines [s (1 — cos B)/2] are tabulated in Handbook of Chemistry and Physics, 
Chemical Rubber Publications Company, Cleveland, and in many navigation 
handbooks. 

Comparisons between standing-wave and traveling-wave field-strength patterns 
can be seen in Figs. 4-3 and 4-4, which plot the relative values of Ee from Eqs. (4rl) 
and (4-2), using factors B and C only. They illustrate some basic differences between 
the two current distributions. 

These functions are tedious to compute and apply to antenna designs, so it is 
fortunate that it is not necessary to use more than the angles of maxima and zeros in 
engineering practice. These can be conveniently displayed in stereographic coordi¬ 
nates to simplify the computations needed to design V and rhombic antennas. 
Figure 4-1 gives these angles for all lobes and zeros in the first quadrant to L = 12.6X. 
If a complete function is wanted, a fair approximation can be made to the Figs. 4-3 
and 4-4 plots by locating the zeros and the maxima with their amplitudes in accord¬ 
ance with the envelope functions and sketching in the intermediate values. It is 
interesting to note that there is a virtually linear rise in the value of the first lobe 
almost to its peak when plotted in rectangular coordinates. 

An alternative way of obtaining the lobes and zeros is to use the stereographic 
method as discussed in Sec. 4.4 and as shown in Fig. 4-7 for the cases L 2, 4.5, 
and 8X. 


4.3. LONG WIRES IN THE PRESENCE OF GROUND 

Any practical antenna must be located somewhere above the earth surface, be it 
ground or water. The free-space field concept has to be modified to take into account 
the wave interference between the direct field of the wire and that reflected from the 
ground where it is illuminated by the radiator. The resulting radiation pattern at 
any point in the half space above the ground is the phasor sum of the direct and 
reflected waves arriving at every point on the enclosing hemisphere. 

If the ground were everywhere a plane surface of infinite conductivity, the field 
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strength at every point would be the resultant of two equal phasors with a phase 
difference equal to the angular difference in the direct and reflected path lengths, 
provided the wire is vertical. In this case the field is everywhere vertically polarized. 

When the long wire is horizontal, or inclined from the vertical, the combined pattern 
is greatly complicated because the wave reflected from any portion of the ground will 
depend for its amplitude and phase upon the orientation of the electric vector of the 
direct incident field. If the electric vector E is horizontal, there will be a reversal 
of phase at reflection and the resultant field will be horizontally polarized. When the 
incident field has an obliquely oriented E vector, its vertical component will be 
reflected without phase reversal (except at very low angles) while the horizontal 
component will be reversed. At the space point where the direct and reflected waves 
combine, the resultant field is obliquely polarized and composed of the direct and 
the two differently polarized reflected components. 

Another order of complication is introduced by the nature of physical ground, which 
is not perfectly conducting but is a complex dielectric. The conductivity and induc¬ 
tivity of the ground vary with its location, depth, and humidity or wetness; also, the 
complex-reflection coefficient at any location varies with frequency and the angle of 
incidence of the impinging field. It is therefore evident that an exact solution of the 
complete antenna pattern is practically unrealizable in any circumstance. One can¬ 
not ignore the ground, but its properties can be idealized for design purposes and the 
study of the resulting radiation pattern can be limited to those zones of greatest 
importance. With this simplification, the computations for an antenna design can 
be made manageable. 
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4.4. CONSTRUCTION OF DESIGN CHARTS IN STEREOGRAPHIC 
PROJECTION 

One of the ways to project a sphere onto a plane is that called stcreographic projec¬ 
tion. It is conformal, meaning that all angles on the sphere are correctly preserved 

in its two-dimensional representation; and 
as a consequence, all lines that are circles 
on a sphere, including great circles, become 
circles, or arcs of circles, in this projection. 
This property is very useful for long-wire- 
antenna design whore we deal with angles. 

The construction of the stcreographic pro¬ 
jection of the hemisphere is illustrated in 
Fig. 4^6a; and in this way a set of stereo¬ 
graphic coordinates are generated, such as 
Fig. 4-66. 

If we assign the direction of a long-wire 
radiating element to a diameter of the 
stereographic field, the angle of a cone of 
radiation (lobe) can be shown by the follow¬ 
ing. The angle of the first maximum is Bi, 
It will intersect the equatorial circle at 
angles plus and minus Bi and cross the wire 
axis at 01 in the stcreographically projected 
third dimension (along the wire axis or diameter) of the chart. The locus of this 
conical lobe maximum will then be correctly located at all other azimuth and elevation 
angles by the arc of a circle drawn through these three points and centered on an 
extension of the wire axis. In the same way all other cones of maxima and zeros 
centered on the wire can be constructed. The three examples of Fig. 4-7 were con- 



Fia. 4-6tt. Dorivation of stereographic 
elevation angles from circular azimuth 
angles. 
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stnicted this way. Although they show tho complete sot of maxima and zeros for 
each wire length, it suffices to draw only the first three or four maxima and their 
related zeros. 

A pair of transparent charts of this kind can be overlaid to show the effect of com¬ 
bining the fields from two such long wires in a V arrangement by cocentering them and 
setting them at the same angle as the angle between the wires. By this method, the 



Fig. 4-66. Stereoftraphic coordinate system for tho projection of a sphere. 

two chart patterns multiply each other. Where there is a zero in one pattern, there 
is a zero in the pattern of tho combination. 

To avoid cluttering the charts, the altitude angles arc indicated as small cross linos 
on the wire axis, in 10° steps starting from 0 at the equatorial plane and progressing 
to the pole at 90°, at the center. 

In Fig. 4-8 is shown another chart of identical size on which different height factors 
are drawn stereographically. Eight height factors, from 0.6X to 2.0X height above 
ground, are included and can be used with the two other charts to show the complete 
pattern for a horizontal V or rhombic antenna. The maxima and zeros in each height 
factor are shown, obtained from the values in Fig. 4-9. Here again the height factor 
multiplies with the array factors, giving zeros in the final pattern wherever there is a 
zero in one of the charts. 

In all these charts and related curves such as Figs. 4-1 and 4-9, the maxima arc 
shown as broken lines and the zeros as thin full lines. (There is an exception to this 
convention in Fig. 4-16 because these diagrams are reproduced from another source.) 
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In the charts, the maxima are numbered in order as M,, JWj, etc., and the zeros as 
Oi, Os, etc. The zero in the direction of the wire is identified as Oo: likewise for the 
zero at ground level in the height factor. 



(a) 

Stereographic representation of the radiation pattoriiH for isolated straight wires 
with traveling-wave current distributions: (a) L = 2X. (6) L - 4.5X. (c) L « 8X. 


4.6. ARRAYS OF LONG WIRES 

A single long wire is not a desirable antenna, because of its many radiation lobes 
of rather large values. The best use of long wires is realized in those antennas where 
the main lobes from two or more long wires add in phase and other lobes are reduced 
or eliminated by destructive wave interference. The basic fact that the long-wire 
radiation patterns have their main lobes at small angles relative to the wire restricts 
the number of configurations that yield the desired main-beam reinforcement to the 
V arrangements. 

^ 1 Tactical long-wire antennas have been developed in the following forms, though 
time has filtered out most of these. 

Veirtically Polarized Main Beams 

1. Single sloping wire, one end near ground, which with its electrical image forms 
a V (Fig. 4-lOa). 
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2. Two long wires in series forming an inverted V, with each end near ground and 
maxiiniini height obtained with one central support. This, together with its electrical 
image, forms a vertical rhombic. The antenna is frequently called a vertical half 
rhombic for that reason (Fig. 4-106). 

Horizontally Polarized Main Beams 

1. Two long wires in a V arrangement starting from a common apex, both parallel 
to ground. This is called a horizontal V antenna (Fig. 4-lOc). 



( 6 ) 

Fig. 4-7. (CoiUinued) 


2. Arrays of two or more V antennas spaced in height, laterally or axially, or com¬ 
binations of these. One such type is shown in Fig. 4rl0d. 

3. Sloping V traveling-wave antenna elevated at the apex (Fig. 4-lOe). 

4. A rhombic array of four long wires in a common horizontal plane, called the 
horizontal rhombic antenna. This popular type is illustrated in Fig. 4-1 la. It may 
also have its plane tilted with respect to ground, in which case it is called a sloping 
or inclined rhombic antenna. 

5. Arrays of rhombic elements, displaced laterally, axially, or in height, or com¬ 
binations of these (Fig. 4-116-d). All these forms have sides of equal length to obtain 
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Certain obsolete types of long-wave antennas have used long wires in parallel in a 
common horizontal plane. Practically all standing-wave long-wire antennas have 
gone out of use with preference for the traveling-wave types. For that reason only 
the horizontal rhombic antenna will be discussed here. 

If Oi is the angle of the maximum for the largest lobe with respect to each wire of a V, 
it is evident that the main lobe of the combination will bo a maximum in the plane 



(c) 

Fia. 4-7. {CotUimted) 

of the V (or rhombus) when the apex angle is 20i. For apex angles less than 2$i, the 
main beam for the combination will occur at some angle a with resi)ect to the plane 
of the wires and approaches a = as the apex angle A approaches zero. The mode 
of variation of a with A is seen in Fig. 4-12 for wires of various electrical lengths. 

With a pair of stereographic charts overlaid and cocontered, the effect of varying A 
is readily demonstrated, as shown in Fig. 4-13. 

4.6. RHOMBIC ANTENNA IN FREE SPACE 

A rhombus is an equilateral parallelogram, usually with two opposite acute angles. 
It can also be regarded as two identical but reversed V^s in series at their outer ends. 
These acute angles are designated A and the side lengths by L. The two parameters 
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from 0.6X to 2.0X. 



Fio. 4-9. AhrIcs of maxima and zeros in the height factor for horizontally polarized fields. 
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VERSION I. SLOPE ANGLE S SAME AS 6, 

VERSION Z '• •• S « « ANGLE OF 1ST ZERO FROM WIRE 


(a) 


FEED 



(SIDE VIEW) 


TERMINAL 

RESISTOR 
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completely describe the physical form and size of the rhombus as a radiator. Its 
electrical size is determined by the length of each side in wavelengths, radians, or 
degrees. Typically, the sides are electrically very long. 

Since the two V portions of a rhombus are identical, even though reversed, and the 
directions of the currents are the same, they will each have identical radiation patterns, 
with the same angles for all corresponding maxima and zeros. However, because of 
wave interference between these two V’s, due to their spatial separation, the lobe 
amplitudes for the rhombus will not be the same as for a single V. 


(PLAN VIEWS) (SIDE VIEWS) 



(q) 



(b) 




(d) 


Fia. 4-11. Hhombic-antc^iina arrangernonts: (a) Singhvehnnont horizontal rhombic antenna. 
(h) Two-layer horizontal rhombic antenna, (c) Two-layer axially displaced horizontal 
rhombic array, (d) Broadside array of two horizontal rhombic antonnas. 


When A < 20i the major lobe for the array will lie in the major axial plane normal 
to the plane of the rhombus. All fields in this plane have their E vectors parallel to 
the rhombic minor axis. Fields in all other directions have E vectors having various 
degrees of obliquity. 

It is desirable or necessary to know the coordinates of the various minor lobes of 
radiation from a rhombus. Their coordinates can be found from the stereographic 
(iharts for any L/X and A. Tables 4-1 to 4-6 list their coordinates as L/X varies from 
2 to 7 in integral stops and values of A from 36 to 71®. Their relative amplitudes in 
decibels, normalized on the main beam in each case, are listed in Table 4-7 for cases 
where the main beam satisfies the condition that A <2Bi. 

Horizontal Rhombic Antenna. The effect of ground on the pattern for an actual 
rhombic antenna is to produce additional wave interference between the rhombus and 
its image. The primary parameter due to the presence of ground is the electrical 
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(«) 


Fig. 4-13. {Continued) 

height of tho primary radiator. P'or the horizontally polarized field components the 
height factor is, ideally, 

MH) - sin Bin a) (4-3) 

which applies rather adequately to all practical situatioos. 
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Table 4-1. Orientation of Pattern Lobes for Free-space Rhombus When L = 2\, 

in Degrees 


A - 

Order of 
maxima 
for second 
side 




For first side 




1 

2 

3 

4 

/3 

a 


a 

|8 

a 


a 

71® 

1 

0 

0 

34 

36 

71 

8 




2 



0 

70 

88 

04 

108 

24 


3 





180 

107 

146 

43 


4 







180 

155 

66® 

1 

0 

16 

38 

36 






2 



0 

71 

88 

82 

107 

9 


3 





180 

107 

142 

43 


4 



... 




180 

30 

60® 

1 

0 

20 

41 

35 






2 



0 

72 

88 

59 




3 





180 

107 

140 

42 


4 







180 

33 

66® 

1 

0 

24 

43 

33 






2 



0 

72 

89 

66 




3 




... 

180 

107 

138 

41 


4 







180 

34 

60® 

1 

0 

27 

47 

29 






2 



0 

72 

89 

52 




3 





180 

106 

134 

38 


4 







180 

37 

46® 

1 

0 

28 

50 

24 






2 



0 

73 

89 

47 




3 





180 

106 

131 

35 


4 







180 

38 

40® 

1 

0 

30 

63 

13 






2 



0 

73 

89 

40 




3 





180 

105 

127 

29 


4 







180 

39 

36® 

1 

0 

32 








2 



0 

73 

89 

26 




3 





180 

106 

124 

19 


4 







180 

40 


Note: In Tables 4-1 to 4-0, a is the elevation angle nu'amin'd vertically from the plane 
of the rhombus, is the azimuth angle from the axis of the rhombus, a — 0 » j3 is the 
forward projection of the major axis of the rhombus or V. 


The vertically polarized height factor involves the use of Fresnel equations of 
reflection from a complex dielectric and will not he included here because it is seldom 
used in design. Values of fh(H) in Eq. (4-3) have their maxima and zeros plotted in 
Fig. 4-9. 

Optimum Design Parameters for Horizontal Rhombic Antenna. The best perform¬ 
ance of a horizontal rhombic antenna is obtained when the first maximum in the 
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Table 4-2. Orientation of Pattern Lobes for Free-space Rhombus When L = 3X, 

in Degrees 








For first side 






Order of 
























A - 

maxima 
for second 

1 

2 

3 



6 

6 


side 














A* 

u 

/3 

a 


a 

/3 

a 


a 

/3 

a 

(i6° 

1 



22 

27 

4(1 

2G 








2 



0 

62 

38 

69 

71 

49 

89 

21 




3 





0 

78 

89 

73 

107 

49 




4 







ISO 

79 

141 

00 

133 

31 


6 









180 

63 

168 

32 













180 

7 

b 

o 

1 



24 

28 

49 

22 








2 



0 

63 

41 

68 

73 

40 

90 

0 




3 





0 

78 

89 

72 

106 

46 




4 







180 

79 

137 

69 

130 

27 


5 









180 

66 

167 

33 


i\ 











180 

15 

66° 

1 

0 

9 

27 

29 

62 

17 








2 



0 

64 

44 

67 

74 

42 






3 





0 

78 

89 

09 

104 

42 




4 







180 

80 

136 

68 

127 

22 


6 









180 

66 

164 

33 


0 











180 

19 

60° 

1* 

0 

16 

29 

29 

29 

0 








2 



0 

66 

47 

57 

8(1 

3(1 






3 





0 

79 

89 

(18 

103 

30 




4 







ISO 

80 

132 

67 

126 

14 


6 





, ., 




180 

67 

162 

33 


0 











180 

22 

45° 

1 

0 

19 

32 

27 










2 



0 

6(1 

60 

64 

78 

28 






3 





0 

79 

89 

(16 

102 

28 




4 







180 

80 

128 

60 




6 








. . • 

180 

67 

148 

33 


6 










... 

180 

26 

40“ 

1 

0 

22 

3(1 

26 










2 



0 

67 

64 

62 

79 

6 






3 





0 

79 

89 

(12 

110 

6 




4 







ISO 

80 

126 

63 




6 









180 

67 

146 

30 


(i 











180 

27 

36° 

1 

0 

23 

40 

20 










2 



0 

67 

68 

48 








3 





0 

80 

89 

68 






4 







180 

80 

122 

48 




6 









180 

68 

142 

27 


6 











180 

28 


* Opliininn. 
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Table 4-3. Orientation of Pattern Lobes for Free-space Rhombus When L = 4X 

in Degrees ’ 



heiglit factor has the same elevation angle as that of the main beam of the rhombus. 
Ihis condition obviously depends upon an interrelated sot of values for L, A, and H 
for a particular operating frequency. At other operating frequencies there will be 
some compromise m the performance because all the factors do not vary synchronously 
With frequency. 

A further objective in designing is to maximize the main lobe at some desired verti¬ 
cal angle a and to minimize all other lobes. Optimum design parameters are given 
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Table 4-4. Orientation of Pattern Lobes for Free-space Rhombus When L « 5X, 

in Degrees 



in Fig. 4-14, applioable to single frequencies only. From a study of stereographic 
charts corresponding to changes in operating frcciuency, the maximum tolerances in 
frequency departure from the design frequency were estimated and are indicated at 
the top of Fig. 4-14. Beyond these limits the performance can be regarded as intoler¬ 
able because the minor lobes are excessively large and the main beam has seriously 
deteriorated. The compromise in performance often depends upon the conditions 
of a particular application, so the tolerances indicated should not be accepted without 
inquiry. Figure 4-16 illustrates such a case. 
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Table 4-6. Orientation of Pattern Lobes for Free-space Rhombus When !» = 6X, 

in Degrees 



The optimum efficiency design at the frequency where L » 4X is seen in Fig. 4-166. 
Here we note the near coincidence of the Ml-Ml lobes with a maximum in the height 
factor to form the main beam along the major axis bisecting the angle of the V. The 
next largest rhombus lobes would be the Ml = M2 intersections, but note that a 
zero in the height factor suppresses these. The third largest lobes would be the 
Ml~MZ intersections, but they occur at zero elevation, also a zero in the height factor. 
However, vestigial lobes of this order appear at the angle of the first maximum in the 
height factor because the Ml-MZ lobes separate slowly with elevation angle. Table 
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Table 4-6. Orientation of Pattern Lobes for Free-space Rhombus When L « 7X, 

in Degrees 



4-7 shows the fourth largest maximum lobes to be the M 1-Af 4 pair, but these do not 
occur in this configuration. Next, the M2-M2 lobe on the axis at high angle does not 
coincide with a height-factor maximum by a large margin, so is largely suppressed. 
Other possible small lobes of higher order are indicated by dots. The main beam is 
fully reinforced, while all the other lobes except the M2-M4 and the MZ~M5 are well 
suppressed; and these lobes are naturally small. This case illustrates the cleanest 
possible radiation pattern for a horizontal rhombic antenna of this size. 
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Table 4-7. Amplitudes of Secondary Lobes, in Decibels, Relative to a Fully 
Formed Main Beam, for Free-space Rhombus 


Order of maxima 


Order of maxima for second side 


for first side 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

0 









2 

-5.27 

-10.6 








3 

-7.7 

-12.8 

-15.6 







4 

-9.0 

-14.3 

-16.5 

-18.0 






5 

-10.1 

-15.4 

-17.6 

-19.1 






6 

-11.0 

-16.3 

-18.5 

-20.0 

-21.1 

-21.9 




7 

-11.7 

-17.0 

-19.2 

KiSSI 

-21.8 

-22.7 

-23.4 



8 

-12.3 

-17.6 

-19.9 

-21.3 

-22.3 

-23.3 


-24.6 


9 

-12.9 

-18.1 


-21.9 


-23.8 

-24.6 

-25.2 

-25.7 



Fig. 4-14. Optimum-design parameters for high-frequency horizontal rhombic antennas. 
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Fig. 4-16. Radiation patterns for a horizontal rhombic antonna of fixed physical size as the 
working frequenc^y is changed: (a) L » 3X at frequency 0.76/o. (6) Z/ “ 4X optimum design 

for frequency /o. (c) L « 6X at frequency 1.25/o. 


Figure 4-16a and c shows the patterns for the same antenna when operated at a 
lower frequency where L = 3.0X and at a higher frequency where Z/ « 6X, respectively. 
It is immediately apparent from these that the conditions for the minor lobes are 
such that some of them are fully reinforced by the height factor, or only slightly 
reduced. None is fully suppressed except the M2-M2 lobe in Fig. 4-15c. Dots indi¬ 
cate the coordinates of the secondary lobes. Each lobe is bounded by its enclosing 
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zero lines, from which the orientation of the cross section of each lobe can be estimated 
by inspection. 

Wherever a maximum in the height factor coincides with a rlionibus lobe maximum 
its field strength will be twice that of the rhombus alone (for the same antenna current) 
provided that the main beam is also maximized. The ratios tlicn remain as in Table 
4-7 for such lobes. For lobes not coinciding with maxima in tlie height factor, their 
relative values will be reduced. Where a side lobe is maximized but the main beam 
is not, the relative strength of the side lobe will exceed that given in the table. 



(c) 

Fig. 4-16. {CorUinued) 


It often is desired to design a rhombic antenna for minimum radiation or response 
in the back direction, at the design frequency. This is accomplished by choosing a 
side length that is an integral number of quarter wavelengths long, rather than one 
with an integral number of half wavelengths. This places a zero for the rhombus in 
the backward direction, where otherwise there will be a lobe, often favored by coher¬ 
ence with the first maximum m the height factor. 

By means of stereographic charts for computation, the situation where the main 
beam splits because A > 26 , (Fig. 4-13c) is easUy avoided. The highest working 
frequency is thereby limited for a particular antenna size and shape. These charts 
also demonstrate that the V and rhombic antennas are best used for the lower angles 
of radiation. Where high-angle radiation is wanted, the gain of a horizontal rhombic 
antenna is so low that equal or better performance can be had from simpler and far 
less expensive dipole antennas. 

Sloping Rhombic Antenna. This type of antenna, as in Fig. 4-17, and the sloping 
V of Fig. 4-lOfi cannot be analyzed with the same stereographic charts, though special 
charts for sloping wires can be constructed. A set of charts would be needed for 
each different angle of slope of the wires with respect to ground. The principal 
vertical patterns and the parameters for sloping V and sloping rhombic antennas can 
be computed for any slope angle S for the plane of the antenna with respect to ground 
by rotating the antenna free-space pattern by the angle S and multiplying it by the 
height factor fh(H) [Eq. (4-3)], H being the mid-height. In this process use is made 
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Fig. 4-16. {Continued) 
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of the fact that the pattern of the rhombus or V is symmetrical with respect to its 
plane. 

Land-saving Arrangements of Rhombic Anteimas. The large land area occupied 
by the larger rhombic antennas raises the question of multiple usage in certain situa¬ 
tions. There is successful experience with 
(PLAN VIEW) (SIDE VIEW) smaller antennas for the same direction 

within the area of the larger, with negli¬ 
gible interaction. Quantitative evaluation 
of this practice is lacking. 

Rhombic Antennas for VHF and XTHF. 

Pia. 4-17. Sloping rhombic antenna. In VHF and higher-frequency applications 

where the best response is desired as nearly 
as possible in the direction of the horizon, the rhombus is designed with A = 2di, 
and its height above the effective reflection plane is made as high as feasible to get 
the first maximum in the height factor at the lowest angle. 

An effective two-layer rhombic antenna for such applications where minimum 
size is a controlling factor is shown in Fig. 4-18. The measured characteristics are 
summarized in Table 4-8 over a 1.8:1 frequency range. 




Fio. 4-18. Double rhombus optimized for ultrahigh-frcqucncy reception over 1.8- to 1-fro- 
(lueney range. 


Side-lobe Reduction in Rhombic Antennas. Single rhombic*, oleinonts can bo 
arrayed in various ways, in height, width, and length, to reduce side lobes and enhance 
the gain of the main beam. Figure 4-18 is an example of one method of combining 
two rhombic elements into an array. 

Another is that shown in Fig. 4-19, where two coaxial rhombics having different 
configurations, but in the same plane, have common input terminals. The double 
rhombic of Fig. 4-19a and the double rhomboid of Fig. 4-196 are radiationally equiva¬ 
lent when the side lengths and apex angles are equal as shown. By this method, the 
principal lobes for four pairs of sides are made coherent to form the main beam, while 
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throughout the side-lobe areas there is generally incoherence between the component 
lobes. Side lobes are also reduced by the larger number of zero lines throughout the 
side-lobe areas, which either diminish or extinguish many of the side lobes. The 
resultant pattern contains a larger number of very much smaller lobes when the 
parameters for the antenna are carefully chosen. This can be done with stereographic 


Table 4-8. Measured Values for Antenna, Fig. 4-18, Where Electrical Dimensions 

Are at Frequency /o 


Fre- 

Half-power beam width 

Gain relative 

Relative amplitude 
of largest secondary 

Front-to-back- 

qucncy 

Vertical 

Horizontal 

dipole, db 

lobe in antenna 
plane, db 

ratio horizontal 
plane, db 

0.714/0 

28.4'=* 

15.5® 

9.6 

-8 

20 

0.85()/o 


10.1" 

11.6 

-10 


/o 

19.0® 

13.0® 

13.0 

-10.5 

20 

1.14/0 


13.2® 

14.7 

-16.0 


1.285/0 

13.8® 

11.0® 

17.0 

-14.0 

>30 


Terminal roHistance for each rhombus, 470 ohms. 

Parallolinp; feeder characteristic impedance, 400 ohms. 

Common feeder characteristic impedance, 200 ohms. 

charts, as illustrated in Fig. 4-20, together with measured azimuthal and main vertical 
patterns in terms of field strength. This method of arraying rhombics, or their 
equivalent in rhomboidal elements, can be carried to higher orders than 2, with further 
reduction of side lobes. 

Radiation Patterns for Vertical-V Antenna. A vertical-V (inverted-V) antenna 
supported by one central mast is a half rhombic, with the major axis lying along the 



Q PLAN 




V- / 

Fia. 4-19. Double rhombic and double rhomboid antennas having same radiation patterns. 











4-32 


LONG-WIRE ANTENNAS 


ground. The angle of each of the two wires with respect to ground is 0i, so that the 
main lobe maximizes in the plane of the V along the ground. 

The resulting radiation pattern can be read from the stereographic charts by simply 
interchanging the designations for elevation and azimuth angles on the charts. The 




azimuth angles are now represented storeographically, while the vertical ..nglea are 
normal (peripheral) circular angles. 

Beam Reversal in a Rhombic Antenna. The direction of the main beam of a 
horizontal rhombic antenna can be reversed by switching the feeder and also the 
terminal load resistance to opposite ends of the antenna. 
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Feeders from both ends of the antenna can be connected to separate receivers for 
simultaneous reception from opposite directions, provided that the impedance remains 
matched to the feeder at all frequencies. This is best accomplished by using a 
resistance termination of the correct value and having a receiver with a well-balanced, 
high-impedance input bridging the resistor, at each end. This requires, of course, 
that all radiation from the receivers be very low so that they do not mutually interfere. 

Importance of Electrical Balance (Symmetry). The performanc.e of symmetrical 
antennas depends largely on maintaining electrical balance and mechanical symmetry 
of the antenna and its feeder system. There must be a minimum of radiation coupling 
between the antenna and its feeder, which is best realized by the feeder being in line 
with the major axis of the antenna. Where this is not possible throughout its length, 
that part of the feeder nearest the antenna should always be so oriented. Radiation 
coupling introduces unbalanced potentials, so that there is a component of current 
returning in the ground. This affects the antenna performance unfavorably. A 
transmission line can be balanced by means of a parallel-wave drain circuit, but this 
does not remove the radiation effect of unbalance. 

Cross Talk between Feeders. Broadband antennas of the rhombic type have no 
frequency selectivity. Any stray power induced into the feeder from the fields of 
other antennas, or by cross coupling between feeders, will be radiated spuriously. 
Care must be used in the design of large plants to ensure the highest practicable 
degree of isolation between feeders and from all antennas to all feeders. Coaxial 
feeders with balance-to-unbalance transformers near the antenna are often used to 
avoid this effect. 

4.7. CIRCUITAL PROPERTIES OF LONG-WIRE ANTENNAS 

Antenna design involves, first, the attainment of radiation distributions that 
satisfy the needs for most favorable wave propagation and reception. The second 
aspect of design concerns the circuital properties of the antenna at each working 
frequency. It is here that matters of impedance, voltage, and current are considered 
and the methods for coupling antennas to transmitters and receivers. 

Radiation Resistance. That component of input resistance due to power lost by 
radiation is called the radiation resistance referred to some point. In elementary 
antennas this quantity has practical as well as academic significance. In the more 
complicated arrays, including all the long-wire antennas, radiation resistance is 
virtually meaningless to the engineer. Radiation efficiency, the ratio of power 
radiated to the total power input to the system, must be determined by indirect 
methods such as field-strength measurements or left unknown. 

Feed-point Impedance (Rhombic Antennas). The input impedance of an antenna 
at any working frequency is a quantity of prime interest, either directly or indirectly. 
It is of direct interest when antenna and feeder are to be self-matched at a frequency 
or over a range of frequencies. The transmission lino can sometimes be designed 
to have a characteristic impedance the same as that of the antenna input resistance, 
or vice versa in some cases. Alternatively, transformers or passive networks can be 
designed for use when two unequal impedances are to bo matched. 

If the match is to be at a single frequency, the antenna impedance can be unknown 
and the impedances matched by making standing-wave measurements on the feeder, 
followed by the application of various techniques for suppressing the return wave on 
the feeder. The method used, the required precision of the impedance match, the 
range of frequencies over which the match must be obtained within allowed tolerances, 
the variations of the antenna input impedance, and the transmission-line impedance 
with weather and time are all dependent on the nature of the problem at hand. 

The rhombic antenna is one whore it usually is desired to have the antenna input 



4-34 


LONG-WIRE ANTENNAS 


impedance match that of the feeder over a wide range of frequencies without any 
additional devices or networks. The resistive component of antenna impedance 
and the characteristic impedance of a balanced two-wire open transmission line are 
made to meet at about 600 ohms. A matched single-wire rhombus has a median 
resistance over a range of frequencies of 750 to 800 ohms; but by using three wires in 
parallel starting from the apex, spreading out until they arrive at the side poles, 
and converging again at the other apex, the median resistance is made to be about 
600 ohms, with relatively small reactive components. A 600-ohm two-wire balanced 
feeder gives a line of reasonable cross section, but becomes less reasonable for higher 
values of impedance. For this reason, rhombic antenna and feeder are designed for a 
unique value of 600 ohms for the majority of applications. 

For arrays of rhombics and for open-wire balanced feeders operating at very high 
power, it is sometimes impracticable to make the antenna system and the feeder self- 
matching. Wideband impedance-matching networks, such as exponentially tapered 
lines, are sometimes used for this purpose. Where it is desired to use a coaxial feeder 
with a balanced antenna, the coupling is made through a network capable of matching 
the impedances properly and also transforming from unbalanced to balanced poten¬ 
tials (Chap. 31). 

Terminal Resistance for Rhombic Antenna. The rhombic antenna is made to 
perform as a traveling-wave antenna by absorbing and dissipating in a resistance at 
the far end all the energy of the system that is not radiated or lost in heating the 
antenna and ground. For best performance the terminal load for this purpose must 
also match the far-end impedance over a range of frequencies, because any reflected 
energy is propagated backward through the antenna, decreasing its front-to-back 
ratio of radiation. For low-power use a resistor of uniform frequency-resistance 
characteristics is connected directly across the two sides at the apex. The resistor 
must in any case be capable of handling high impulses, electrically and mechanically, 
due to induction from lightning. 

For transmitting applications where the resistor must have a large dissipation 
capacity, common practice is to use another transmission line of the same charac¬ 
teristic impedance but with high losses. This is called a dissipation line and is a 
balanced open-wire line made of high-loss material such as iron or some alloy of 
stainless steel having appreciable magnetic permeability. The dissipation line should 
have an attenuation length of about 20 db if the end is to be short-circuited and 
grounded. The reflected wave reaching the antenna is then attenuated 40 db, so 
that the reflected voltage is 1 per cent and therefore negligible. Most of the power 
is lost in the input end of the line, so the line length can be shortened at that distance 
where a resistor can be substituted for an extension of the line. This is usually an 
economy. Grounding the center of the shortening resistor provides a static drain 
circuit, as does the grounding of the end of the 20-db-line length. 

The power to be dissipated in the terminal resistor varies from about 50 per cent 
of the input power when the sides are of the order of two wavelengths to 15 per cent 
for rhombics five wavelengths or more per side. 

There are techniques for conducting the excess energy arriving at the far end back 
to the input end where, if it is properly transformed in voltage and phase, the two 
circuits can be paralleled and the excess power radiated. Methods for accomplishing 
this are frequency-selective so that it can be adjusted for only one frequency. Because 
the principal appeal of the rhombic antenna usually is its broad-frequency capability, 
this technique of re-using the excess power has found very little application. 

Feed-point Impedance (Standing-wave Antennas). Standing-wave antennas, 
often called resonant antennas, have the common characteristic of large changes of 
impedance with frequency, with resistance and reactance values varying over very 
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wide ranges. Such antennas are usually designed for particular working frequencies 
so that the antenna to feeder match is also frequency-selective. 

Potentials and Currents. The limiting potential on any part of the antenna and 
feeder system occurs when the potential gradient is sufficient to ionize the air to form 
a standing arc (plume) or to damage the insulation. The limiting current is that 
value which overheats the conductors sufficiently to cause damage or to compromise 
their mechanical strength. 

Traveling-wave antennas are similar to matched transmission lines in the nature 
of their potential and current distributions, which are relatively uniform. In this 
respect they are superior to standing-wave antennas for high-power transmission for a 
given conductor size and insulation rating. A 600-ohm rhombic, fed with a 600-ohm 
transmission line, has substantially the same current and potential throughout the 
length of the system. Relatively very much larger potentials and currents exist at 
antinodal points along a standing-wave antenna with the same power input. 


4.8. LONG-WnUE ANTENNAS WITH MODIFIED CURRENT 
DISTRIBUTIONS 


It is possible, and sometimes desirable, to use long-wire antennas with unnatural 
or modified current distributions. Of the many possible ways to do this, a few have 
found extensive practical use because of the desirable radiation distributions thus 
achieved. 

One useful configuration is an end-to-end series of cophased half-wave dipoles. 
A natural standing-wave current distribution can be converted to this distribution by 
reversing the relative phase of the current in alternate half-wavelength sections. 
This can be done by inserting antiresonant networks every half wavelength, or its 
equivalent, a quarter-wave nonradiating transmission line, the latter being wound up 
into a mechanically reasonable form. Antennas of this general class are known as 
Franklin antennas, after the inventor. Figure 4-21 shows three arrangements of 
lYanklin vertical omnidirectional antennas. 

Further evolutions of the Franklin antenna provide current distributions more 
nearly approaching a continuous, uniform cophased distribution. One of these 
(Fig. 4-21c) places the successive current maxima less than one-half wavelength apart 
by using a series capacitor for power-factor correction at locations midway between 
the successive maxima. At these locations the antenna current is a fairly large 
percentage of the antinodal current, and not zero (ideally) as in Fig. 4-21&. Another 
version is a folded wire, or zigzag^' type, shown in Fig. 4-21d. The parameters 
for the latter are somewhat frequency-dependent because of insulator capacitance 
and elTecits of rigging, but the approximate electrical dimensions arc given in the 
caption for preliminary guidance. 

The A-planc radiation patterns for vertical long-wire Franklin antennas arc approxi¬ 
mated by the following. 

For the type of collinear cophased dipoles shown in Fig. 4-216, with equal antinodal 
currents and with n dipoles in scries in free space, 


^ r COB $ . /tt . 

sin I sin 9 I 


volts/meter 


( 4 ^) 


The field strength of the main lobe normal to the wire (d = 0) is ()0n//r volts/meter 
at distance r meters. 

When this array is placed vertically over perfectly conducting ground the antenna 
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radiation pattern is expressed by 


- cos f ^ sin sin (~ sin 

-^ cos i)i sin 0) 

cos 

sm ( ^ sin 6 j 


where h =» 2irH/X is the electrical height above ground of the mid-point of the radiator. 

The radiation pattern for Fig. 4-2Ic and d depends upon the design proportions, 
but one can assume for instructive purposes that they approximate the uniform 



Fig. 4-21. Franklin antennas: (a) Natural standing-wave current distribution. (6) 
Cophased standing-wave current distribution, (c) Phase-compensated current distri¬ 
bution. (d) Zigzag, with X = 0.6X, Y = O.llX, and Z = 0.7X. 

cophased current distribution, producing a radiation pattern in free space of the 
sin x/x type. When such a current distribution exists in a vertical antenna of physi¬ 
cal length L and has an electrical height h from a perfectly conducting ground to its 
mid-point, the shape of the field-strength pattern {E plane) is expressed approxi¬ 
mately by 

fW — cos (h sin 6) cos 6 (4-6) 

where x = (vL/X) sin e. 

Antennas of this class have relatively small bandwidth because of their resonant 
nature, even though these types have considerable radiation damping. The attain¬ 
ment of performance close to that expected ideally is critical; and once attained, a 
small frequency change will cumulatively change the current-amplitude distributions 
and phase distributions progressively throughout such long systems. 
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6.1. INTRODUCTION 

A practical objective of directive radio is an improvement in received signal as 
measured relative to the prevailing noise. More particularly, directivity improves 
the sigmlrto-noise ratio. This improvement may be accomplished either by using 
at the transmitter an antenna that projects the transmitted wave power in the form 
of a concentrated beam toward the distant receiver, or it may be accomplished at the 
receiver by using a similar antenna, which in this case intercepts a maximum of 
passing wave power. It is interesting that these seemingly different functions are 
entirely reciprocal, and except for minor details they are altogether equivalent. Thus 
any signal improvements desired may theoretically be taken either at the transmitter 
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or at the receiver or be shared between the two. In either case the improvement 
increases as the measured beam becomes progressively sharper. 

The above principles apply at the receiver only if atmospheric noise arrives with 
equal intensity from all directions. If the noise should be highly directive and should 
unfortunately arrive from the same direetion as the signal, no improvement would 
result. On the other hand, if it should arrive from a direction toward which the 
antenna is particularly discriminant, then more than the usual improvement could be 
expected. 

One of the more common methods of obtaining directive gain is an arrangement of 
several individual antennas so spaced and phased that their individual contributions 
add in one preferred direetion while canceling in others. Such an arrangement is 
known as an array 0 / antennas. Bearing in mind that the several antennas may be 
arranged in various configurations such as straight Unes, rectangles, circles, or tri¬ 
angles of possibly three-dimensional configurations and may bear radiated ampUtudes 
differing both in phase and amplitude, it is easily seen that there is an 
number of possible combinations. Fortunately, years of experience have reduced 
the number that are thoroughly practicable to a relatively few. 

As pointed out in Sec. 2.6, signal improvements resulting from directivity may be 
specified in a variety of ways. Sometimes this specification takes the form of a 
plotted pattern which shows at a glance the relative signal level in various directions. 
In other cases the over-all improvement is measured relative to some accepted stand¬ 
ard such ^ an isotropic source, a short dipole, or a half-wave antenna. Table 2-1 
gives specific data relating to these various standards. For purposes of this section, 
all gains specified will, unless otherwise noted, be measured relative to a single element 
of the specific array under consideration, regardless of whether the element be an 
isotropic source, a (hpole, a half-wave antenna, or a small current loop. We sometimes 
refer to these relative gains as test ratios and designate the same by the letter T. If 
questions arise, as for example in connection with certain vertical directional patterns, 
we shaU assume, unless otherwise noted, that each element of the array is a short 
dipole. It is to be noted that the directive beam of an array of half-wave antennas 
IS only slightly sharper than that of the corresponding array of short dipoles, and for 
many purposes the difference can be neglected. 

Representative Forms. As we shall later see, one of the more important arrays 
^ in practice consists of a number of identical parallel antennas set up along a Hne 
drawn perpendicular to their respective axes. In one preferred arrangement, the 
individual currents are identical both in magnitude and phase. In this case, radiation 
proceeds both forward and backward in directions perpendicular to the line of the 
array. Such an antenna is said to be broadside and bidirecticmal. It may be made 
essentially unidirectional by erecting a second identical array a quarter wave to the 
rear of the first and driving the same by currents leading in phase by a quarter period. 
Tlie directivity of this type of array usually increases with its length or aperture. In 
a second arrangement, the individual currents are again equal in magnitude, but this 
time their phase varies progressively along the line in such a way as to make the over¬ 
all arrangement substantially unidirectional. Since in this case the direction of 
optimum signal lies along the line of elements, it is referred to as an end-fire array. In 
a third arrangement, the single line of antennas is arranged collinearly, often with one 
antenna above another {stacked). In this case the currents are, as in the first case, 
identical both in magnitude and phase. This provides a symmetrical pattern with 
Its mam lobe everywhere perpendicular to the principal axis. Accordingly, it is 
referred to as a broadcast, or omnidirectional, array. Often two-dimensional combina¬ 
tions of the first and last of these three arrangements are used. 

In some instances it may be desirable to depart from the plan of nain g currents of 
equal magnitude in the several antennas. Indeed, very desirable directional charac- 
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teristics may sometimes be obtained by tapering the amplitudes of currents progres¬ 
sively along the line. Examples of all these arrangements will be discussed below. 

Applications. Antenna arrays have a wide range of application. They are often 
used in simplified form at frequencies as low as 1 Me (X = 300 meters) or lower, while 
at the other extreme they are sometimes used at frequencies as high as perhaps 
1,000 Me (X = 30 cm) or even higher. Though the principles of antenna arrays have 
been known in an abstract way for many decades, their use did not become general 
until about thirty years ago, when the pressure of commercial radio led to the use 
of the higher frequencies where such arrays became feasible. It is a general rule 
that the higher the operating frequency, the more feasible will be antennas of high 
directivity. 

It is significant that interest in arrays is not confined to the particular structures 
known by that name. We find that the general philosophy of arrays becomes 
applicable also to other very different kinds of antennas. More particularly, it may 
be convenient to regard the radiating aperture of certain horn antennas described in 
Chap. 10 as equivalent to an array of individual sources. Similarly, we may prefer 
to think of certain dielectric antennas as the equivalent of an end-fire array. Finally, 
in certain scanning antennas to be described later, we may like to regard the whole 
as made up of an array of arrays where each individual array consists of a group of 
individual radiators. Thus in reading the present section, we should consider it in 
part a preparation for the practical array designs to follow and in part the basic 
fundamentals of certain other antennas to be described later. In applying these 
fundamentals, we are perhaps merely invoking Huygens' principle, a concept that 
has been useful in optics for more than two and a half centuries. 

5.2. TWO-ELEMENT DRIVEN ARRAYS 

As a suitable introduction to the subject of antenna arrays, we shall consider, first, 
some of the more common combinations of two antennas. For the case of two short 
dipole antennas spaced along the X axis by A 
wavelengths and differing in phase by B 
periods of oscillation, the radius of the space 
pattern is given by 

r =« cos 7 r(A cos tpsin e + B) sin 6 (5-1) 

where ^ and B are the angles designated in 
Fig. 5-1. 

If the Y 7-plane pattern is desired, the 
angle B is made ir/2. If the AZ-plane pattern 
is desired, ^ = 0. Figure 5-2 shows repre¬ 
sentative Y 7-plane patterns for various values 
of AX and BT. In this type of diagram direc¬ 
tive gain is roughly proportional to the ratio 
of the area of the circumscribed circle to that 
of the pattern inside. In practice, these are 
often horizontal-plane patterns. The prac¬ 
tical-minded engineer will readily identify 
various configurations that may perform use¬ 
ful functions. A case of special practical 
importance is that in which the two antennas 
are spaced by a quarter wavelength and are driven by currents of the same magnitude 
but the phase of one lags the other by a quarter period. Thus A = % B = — K- 
For this particular case, the corresponding patterns arc shown in Figs. 5-26 and 



Fio. 5-1. Three-dimensional polar co¬ 
ordinate system. 




6^ 


ARRAYS OF UKEAR ELEMENTS 



Fia. 5-2. Directive amplitude diagrams for an array of two antennas driven by currents of equal amplitude. Separation in wave¬ 
lengths (X) along the top. Phase difference in periods (T) at left. 
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5-3a. This arrangement, which is often referred to as an end-fire couplet^ is of impor¬ 
tance, for it is one of the fundamental building blocks from which other more elaborate 
arrays may be constructed. There are other patterns nearby to Fig. 5-26 which 
may perform similar functions. It is to be noted that whereas this particular direc¬ 
tional pattern is only moderately sharp, there is at its rear a direction in which the 
intensity is zero. Thus this arrangement has an infinitely high front-to-back ratio. 
In practice, such high ratios are often very advantageous. For example, at a receiver, 
they may aid materially in discriminating against a nearby transmitter or other 
source of interference. 

A second example of some practical importance is that in which the spacing between 
the two antennas is one-half wavelength but the corresponding currents are in the 
same phase. Representative patterns are shown in Fig. 6-2a and also in Fig. 5-36. 
In this case, the pattern is somewhat sharper than before but there is equal power 
transmitted both forward and backward. More accurate calculations show that the 
directive gain relative to a single element resulting from the use of either arrangement 





(a) (b) (c) 

Fig. 5-3. Representative directive patterns and gains to be expected from antennas driven 
by currents of equal amplitude: (a) Antennas spaced by one-fourth wavelength, currents 
differing in phase by one-fourth period—the end-fire couplet. (6) Antennas spaced by 
one-half wavelength, currents in the same phase—the broadside couplet, (c) A combi¬ 
nation of (a) and (6). 


is substantially the same* (3 db), but in one case the front-to-back ratio is theoretically 
infinity, while for the other it is unity. Alternatively, there may be used in place of 
pattern a in Fig. 5-2 such compromises as that to the left and right of pattern a or 
perhaps pattern d, e, or /, or possibly some intermediate between patterns c and d. 
Patterns of the latter kind are typical of super dir ectwipy^ a subject to be discussed 
later. 

The inquiring engineer will naturally ask if we may not advantageously combine 
the two schemes shown in Fig. 5-3a and 6. This is indeed the case, and it gives 
the very desirable directional pattern shown in Fig. 5-3c. In this case, the front-to- 
back ratio is again high, the directive pattern is even sharper than that shown in 
Fig. 5-36, giving now a combined gain equal substantially to the sum (6 db) of those 
represented in Fig. 5-3a and 6. Most antenna arrays are elaborations of the arrange¬ 
ment shown in Fig. 6-3c. 

The simple configurations shown in Fig. 5-3 are favorite forms used particularly 
where moderate directivity is acceptable. At the longer wavelengths where antenna 
lengths would be inordinately large and their supports would be correspondingly 
expensive, the individual antennas may be grounded and therefore bo a quarter wave 
or less in height. At somewhat shorter wavelengths, it may be feasible to use half¬ 
wave antennas and possibly elevate them to strategic heights above the earth. As is 

* It is interesting that for broadside spacings greater than one-half wavelength, the gain 
from two elements may be appreciably more than 3 db. 
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well known, reflections from the earth may at various elevations combine to add or 
subtract from the effects obtained from antennas located in free space. The results 
to be expected from earth effects are in most practical cases involved functions of 
frequency, dielectric constant, and conductivity of the earth. These effects arc 
considered more at length in Chap. 33. They should be taken into account particu¬ 
larly in cases where gain and vertical directivity are of interest. The reader is 
referred to that chapter for the necessary correction factors. 

Feed lines for interconnecting the several antennas shown in Fig. 6-3 must of 
course, be arranged so that their respective driving voltages appear at the antennas 
in the proper amplitude and phase. Details of such interconnecting lines are given 
in Chaps. 20, 21, 30, and 31. As we shall see, the spacings between individual 
antennae are often deliberately chosen with a view to simplifying the feed-line problem 
and were it not for feed-line considerations, it might often bo advantageous to use 
other spacings. As we shall later see, the feed-line problem in most cases calls for 
considerably ingenuity, and accordingly it occupies an important place in antenna 
design. Again the reader is referred to those sections for the necessary information 

6.8. SIMPLE AKRANGEMENTS INVOLVING PARASITIC ANTENNAS 

Because of the feed-line problems already mentioned, it is sometimes desirable to 
feed certain antennas of an array parasitically. In these cases, the currents appearing 
m the several parasitic antennas are derived by radiation from a nearby driven 
antenna. A particularly simple case is a driven antenna together with a aingia 
parasite. Togethei the two may be considered as a kind of two-clcracnt array 
Because the current flowing in the parasite is often less than that in the driven antenna 
patterns considerably different from those illustrated in Fig. 5-2 may be expected! 
As will be appreciated, the magnitude of the current in the parasite falls off rapidly 
with separation from the driven element. Hence there is a tendency toward smaU 
Mparations. On the other hand, the phase of the parasitic current relative to the 
(taven element increases with separation. So in order to obtain the desired phase 
change, it may be necessary to operate with considerable spacing, perhaps a quarter 
wave or even one-half wavelength. Often there is a need to compromise between 
thMe two variables, thereby making their separations somewhat less than might 
ordinarily be expected. In addition to the phase change due to separation, it is 
possible to alter the phase of the parasite, sometimes as much as ± cycle, merely 
by idtering its length. Though this is usually at the expense of current, it is an 
additional dimension of compromise and it is very useful. Together those several 
Mpeots make the problem of parasitic antennas rather involved. In fact, it is far 
too involved for adequate consideration in the limited space here available. As might 
be ejected, much of the existing technique of parasitic antennas is based on experi- 
ment. Representative data are given below in graphical form. 

Pwasitio antennas are of interest over a wide range of frequencies. At moderately 
low frequencies, perhaps one or two megacycles, and particularly in cases in which 
only moderate directivity is needed, it may be expedient to add to the primary 
radiator one or more parasites. At the other extreme, perhaps at frequencies of 
several hundred megacycles, they are used in places where the numerous interconnect¬ 
ing food lines would become unwieldy. In these cases, also, it is more advantageous 
to use a single driven antenna together with a multiplicity of parasites. At these 
higher frequencies both the driven antenna and its parasites arc often nominally one- 
hMf wavelength long and are operated so as not to be affected materially by the earth. 
At these higher frequencies, too, it is sometimes desirable, in order to get certain 
phase relations, to depart appreciably from the nominal half-wave relationship. 
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Representative Spadngs. As might be expected, an infinite number of combina¬ 
tions may be made of a driven antenna and a single parasite. One, sometimes used 
at the lower frequencies, is the quarter-wave combination shown in Fig. 5-4a. It is 
the counterpart of the end-fibre couplet shown in Fig. 5-3a, but since the current flowing 
in the parasite is much smaller than that in the driven antenna, the front-to-back ratio 
is usually low. Measured gains ranging up to 3.6 db or even more have been reported. 
Combinations involving more than one parasite are shown in Fig. 5-46 and c, together 
with representative patterns. That of Fig. 5-46 is largely of academic interest and 
may be regarded as a rough counterpart of Fig. 5-36. It is shown here with a view 
to illustrating the part played by the two lateral elements in the final parabolical 
form shown in Fig. 5-4c. 



ge-3.6db 
g,n = 3.6db 
Zo«*60.2+l32.6R 
(a) 



gc s4.6db 
9m»4.2db 
Zo«87.2-i22.8a 
(b) 



ge=5.6db 
gm=4.8db 
Zo»73.8 + I43.8n 

(C) 


Fio. 5-4. Representative patterns, gains, and input impedances to be expected from a single 
driven antenna together with: (a) A single parasite spaced approximately by a quarter 
wavelength. (6) Two parasites spaced laterally approximately one-half wavelength, 
(c) A combination of (o) and (6) to form the rudiments of a parabola. 


A little reflection will show that in the arrangement of Fig. 5-4c, the three parasites 
there shown fall on a parabola. Tliis suggests that if we wore to fiill in the intervening 
spaces with an infinite number of similar reflectors and perhaps extend them along the 
dotted line shown, we would have the cylindrical parabola described in Chap. 12. 
It will be seen from Fig. 5-46 and c that the effect on gain of the two lateral parasites 
is comparable with the effect of the driven antenna and the quarter-wave reflector 
alone. The presence of a parasite tends to reduce slightly the input resistance of 
the driven antenna for quarter-wave spacings and to increase it slightly for half¬ 
wave Bpacings. It is of interest that as a result, the combined input resistance of the 
driven antenna and its three parasites is not very different from that of the driven 
antenna alone. 

In addition to the nominal quarter- and half-wave spacings between a driven 
antenna and its parasite already discussed, an especially interesting result may be 
obtained from Relatively close spacings, especially when wo detune the parasite relative 
to its normal froe-space resonant length. Typical results are shown in Fig. 5-5. In 
Fig. 5-6a wo show representative directional patterns both in the plane of the two 
antennas and at right angles thereto for the particular case of a separation of 0.04X, 
assuming that both are resonant. At this close spacing, the current in the parasite 
is substantially that in the driven element, and since they are oppositely phased, there 
is a null along the Y axis as well as the expected null along the Z axis. Though the 
front-to-back ratio is unity, there is nevertheless a directive gain of 3 db relative to a 
single element. 

By increasing the length of the parasite by 5 per cent, still keeping the spacing the 
same, the symmetry characteristic of Fig. 5-5o is destroyed as shown by Fig. 5-56. 



arrays of linear elements 

The patMite now acts as a rejfecior, givmg a directive gain approaching 6 db The 
front-to-back ratio is much improved, but the null along the Y axis is now lost. By 
parasite an approximately equal amount in the opposite sense, the 
pattern wUl be essentiaUy the same but will be reversed in direction (Fig 5-Sc) In 
this case the parasite is now caUed a director. As might be expected, both a reflector 





ainglo closely apaeed*''^f0^4*xr'^ r>n ^ ®*P««ted from a driven antenna together with a 
lengthened Iv 6 po“ ent to Both elements are resonant. (/,) Parasite 

as a director. (Reference 4.) fleeter, (c) Parasite shortened hy 5 per cent to act 


but beca^°of'tetpr*nt°”'*^w*^ f antenna to form a throe-clement array, 
that to be exDeeted 4 *°*^ • ^ ®^®®ents, the gain now falls somewhat short of 

Ite pStJeuLr adalt ^7 “ representative. As we shall see, 

yagf-uL antenlS rudimentary form the 


“TV and ^her*^eeivina AirtenMa”77*^M^ •’ehavior, the reader is referred to 
Inc., New Yo^k. “ Antennas by Arnold B. BaUey. John Francis Rider. Publishers, 

said to be^««P^d*^h7*°Bei7XMly sp“td teeS'7° “ U 7 ®“t®““as which are 

ciug cioseiy spaced, their over-all dimensional apertures are 
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Fig. 6-0. Uoquirod parasitic lengths to meet objectives noted. Case A (tipper), diameter “ 
H in., / « 200 Me. Case B (lower), diameter * 0.033 in., / *= 200 Me. (Reference 4.) 

A driven antenna together with a single parasite may be used advantageously in a 
variety of ways, depending on the ends to be accomplished. Representative results 
given in the text by Bailey already referred to are shown in Figs. 5-6 and 5-7. The 
lettered curves there shown refer to the various objectives as follows: 

1. To obtain maximum front-to-baok (F/B) ratio for a reflector-type parasitic 

2. To obtain maximum gain for a reflector-type parasitic 

3. To obtain equal gain in opposite directions (cf. Fig. 5-5a) 


small and they seemingly violate a well-known rule of antenna arrays which says that 
directivity should bo proportional to the width or aperture of the array. It is for this 
reason that they are said to be superdirective. Representative patterns appear in the 
lower left-hand corner of Fig. 6-2. Superdirectivity is not limited to the case of two 
antennas. It may bo extended to almost any number of antennas with a corresponding 
increase in gain. Since the spacing is small, the dimensional aperture is likewise small. 
The limitations of such arrangements rest in their inherent low radiation resistance and the 
corresponding difficulties of feeding power into such sharply tuned arrangements, as well 
as into the medium outside. 
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4. To obtain maximum gain for a director-type parasitic 

5. To obtain maximum front-to-back ratio using a director-type parasitic 

In the above, top signal T in the ratio F/T refers to the signal received in a direction 
perpendicular to the plane of the two antennas. The quantity P is the periphery of 
the conductor measured in wavelengths; thus P = 2ira/\ where a is the radius of the 
conductor. The two cases cited correspond to diameters of and 0.033 in. at 
200 Me. Curvb F in Fig. 5-6 has two possible values, Fr or Fd, depending on whether 
it is associated with a reflector or with a director. 



( 0 ) 



(b) 

(upper): Expected gains (over a half-wave dipole) from parasitic antennas 
while meeting certain stated objectives. Case B (lower): performance ratios, F/B front-to- 
back and F/T front-to-top. (Reference 4.) 

The combination of a driven antenna and a closely spaced parasite in which the 
respective currents are nearly equal but oppositely phased appears to the source as a 
high-Q load. Such a load is very unstable, for only at resonance is it a pure Teststance. 
This resistance is usually of small magnitude. Slightly off frequency the resultant 
impedance may include a very substantial reactance component. Thus the band¬ 
width is limited. Bandwidths of 1 per cent and mid-band load resistances of 2.5 ohms 
are representative. The latter may be compared with 72 ohms as the mid-point feed 
resistances of a half-wave antenna at resonance. It may also be compared with an 
impedance of 300 ohms, which is the standard characteristic impedance of one of the 
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favored feed lines used in television-recciving-antenna practice. Thus the use of 
closely spaced antenna combinations of this kind presents serious impedance matching 
as well as bandwidth problems. To alleviate this difficulty wider spacings are often 
used. Often, too, the dipole to be fed is folded so that the coupling is made to the 
open ends, thereby affording a better approximation to the 300 ohms characteristic 
impedance of the line. The reduction in resistance of a radiator in the presence of a 
parasitic element is shown in Fig. 5-8. 



S-SPACING IN WAVELENGTHS 


Fig. 6-8. Reduction in resistance of a radiator in the presence of a parasitic clement. 
(Reference 4.) 

5.4. MULTIELEMENT BROADSIDE ARRAYS 

The arrangement of two antennas as shown in Figs. 5-2 and 5-3 may be regarded 
as the first step in forming a more highly directive antenna array. Arrangements in 
the same straight line of more than two elements become far more significant. An 
example is shown in Fig. 5-9, which gives the XF-plane patterns (often horizontal- 
plane) for the particular case of 16 elements. Those patterns were calculated by the 
formula applying to this case: 

B sin NicjA sin sin ^ -|- B) 

^ sin t(A sin ^ sin ^ + J5) ^ 

where N is the number of individual elements in the linear array. If the above 
formula is to be applied to an array of dipoles and the YZ pattern is desired, it should 
be multiplied by sin 6. Equation (5-1) above is a particular case of this equation in 
which N = 2. 
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Of considerable interest is the series of patterns corresponding to the case where 
the space factor A and the phase factor B are nunicrically equal. An example is that 
corresponding to and It is of interest that in this case sharpness increases 

with spacing simultaneously both in the A”}” and YZ planes. It is of interest also 
that though the illustration suggests that directive gain increases indefinitely, as 
A and B are simultaneously increased, there conics a limit, approaching A ^ B ^ 
not shown in the illustration, when the pattern becomes bidirectional. The arrange¬ 
ments above are known as end-fire arrays, and more will be said about them in 
Sec. 5.5. The practical engineer will probably regard most of the remaining patterns 
of Fig. 5-9 as being largely of academic interest, but naturally of help in establishing 
a proper sense of magnitudes. 

Of particular interest to the case at hand is the top row of diagrams, which corre¬ 
sponds to a broadside array of elements. In this case all elements are driven in the 
same phase (B = 0). It is to be noted that like the corresponding case of two ele¬ 
ments, the main oppositely lobed pattern increases with sharpness with spacing. 
However, as before, an optimum in gain is reached after which extraneous lobes 
become appreciable. In this case the limit occurs at a spacing somewhat greater 
than three-quarters wavelength. 

Pattern and Side-lobe Considerations. Equation (5-2) when restricted to the 
case of equiphased elements (B =* 0) defines the condition for broadside operation. 
Examination of this equation shows that wlicreas r = 1 when sin ” 0, assuming 
6 = 7r/2, r = 0 when sin <p = 1/iVA, 2/iVA, S/iNTA, etc., and between these successive 
zeros, that is, where sin <p = Z/2NAf 5/2NAf etc., tlioro are minor lobes of the kind 
shown in Pig. 5-9. The amplitude of the first and largest of these minor lobes is 

r, - (at sin |^) ‘ (5-3) 

For oases whore N is fairly large, ri = 0.212. This corresponds to about 13.5 db. 
Often this level is acceptable, but for certain purposes it may not bo ignored. The 
zeros defined above are truly zero only if the magnitudes of the several currents are 
equal. Otherwise they are mere minima and the lobes between may be rather ill 
defined. Indeed, it is possible by an orderly arrangement of currents, referred to as 
tapering, to greatly reduce or even eliminate the amplitudes of minor lobes. 

As already pointed out, the sharpness of a pattern increases with the spacing of the 
elements which make up the array, suggesting thereby that the total length of the 
array, aperture^ is a very important dimension. This is indeed true. It is to be 
noted again, however, that with extremely wide spacings, extraneous lobes make 
further directive gain impossible. Calculated gains vs. spacing for specified numbers 
of elements are shown in Fig. 5-10, Certain feed-line problems to be discussed later 
often make it desirable to use spacings between adjacent elements of one-half wave¬ 
length. It will be noted that these latter spacings are well within the limits of safety. 
It seems very reasonable, however, that there may arise cases of practice where in the 
interests of simplicity it may be desirable to minimize the number of radiators for a 
given aperture, and in such cases it may bo desirable to use spacings near the optimum. 

Tapered Amplitudes. Of considerable importance in antenna practice is the 
principle of tapering already mentioned. This may assume a largo variety of forms, 
but one especially significant is that in which the amplitudes of the individual radia¬ 
tors, in a linear array, vary in accordance with a cosine function beginning with a 
maximum at the center of the array and decreasing progressively to some finite value a 
at each end. It may be shown that where this special distribution is applied to an 
array in which N is large and A is relatively small with p « NA, then 

_ sii^ (^rp cos <p) ^ cos (ttp cos <(>) 

" l - 4p‘COS«„ 


(6-4) 
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The signifioance of o will be evident from Fig. 5-11. This illustration in addition 
shows representative patterns plotted in rectangular coordinates for an array six 
wavelengths wide (p =* NA = 6). Two examples are shown for comparison purposes: 
pattern 6, the broadside case here under discussion, and pattern a, the end-fire case 
to be discussed later. It will be noted that reduction in minor lobes is at the expense 
of sharpness of pattern. In certain practical cases, power fed to an array is introduced 



Fig. 6-10. Gains* to be expected from a single array (no reflector) of broadside elements. 

at its center with equal portions flowing both to the right and left progressively from 
one element to the next. Because there is a loss in eacli element, there is a measure 
of tapering in their respective amplitudes, and hence a corresponding reduction in 
minor lobes. 

Arrays of Couplets. Discussions in connection with Fig. 5-3 suggest that the 
bidirectional diagram typical of the single broadside array may bo rectified by replac¬ 
ing it by an array of couplets. This is equivalent to erecting one-fourth wavelength 
to the rear of the array, a second identical array to be driven by identical currents 
lagging in phase by a quarter period. Typical XF-plane patterns for arrays of 
couplets differing in number of elements and their spacings are shown in Fig. 5-12. 
Since sharpness increases, both with numbers of elements and their spacings, we again 
see that the total width of the array (aperture) is an important dimension in establish¬ 
ing directive gain. The gain* to be expected from arrays of end-fire couplets may be 
obtained from Fig. 5-10 by adding 3 db to the values there given. For many practical 
cases tliis follows the relation 

g = 5.4- 

♦ Note that the gain ia relative to that of a single element. 


(6-6) 







Fig. 5-11. Effect of tapering on patterns of a linear array of radiating elements: (o) End-fire array. (6) Broadside array, 
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Arrays of Arrays. It often happens in practice that it is desirable to place in array 
individual radiators each having a substantial measure of directivity. Each radiator, 
for example, may be a horn, or perhaps another rudimentary array such as a Yagi-Uda 
antenna. Since each directive radiator may be approximated by an array of elements, 
it is convenient to regard the whole as an array of arrays. To exemplify the limita¬ 
tions as well as the advantages of such a procedure, we shall cite two typical cases. 

It may be shown that when a number of identical arrays are placed in array, the 
resultant pattern is given by the product of an array factor r characteristic of the 
directional pattern of each individual array times other factors representing the rela¬ 
tive position and phase of the individual array in the array of arrays. For the simple 
case of arrays along the Y axis, the equation takes the form 

p _ ^ sin sin y + BQ _ 

iV' sin ir(A' sin <p -f B') 

where A' is spacing between centers of individual arrays, B' is the relative phase, and 
r is the factor representing the pattern of each individual array. 

O O 

d=0 cl=X d»2X 

R=0.I74 R=0.462 RsI.OO 

ARRANGEMENT__ 

OF ARRAYS — — —. ^ 



d=3X 

R=l.304 



EQUATION OF SPACED ARRAY 


NOTES 


sin(37rsin«i(») 

‘'“esinr/asin^) cos%(cos^-l)cos[(3 + d)Tsinri 


R-RATIO OF AREA OF SUBORDINATE 
LOOPS TO THAT OF MAIN LOOP 
d-SEPARATION BETWEEN TWO 
SIMILAR ARRAYS 
A-FRACTION OF WAVELENGTH 
SPACING BETWEEN ELEMENTS 
IN SAME COLUMN 


Fuj. 6-13. Directional diaffraniH in horizontal plane of two oquiphased arravH spaced 
laterally as noted (iV - 0 and A « 


In the first of the two cases cited, wo shall assume two adjacent arrays, each con¬ 
sisting of six unidirectional couplets, as shown in Fig. 5-13. The change in resulting 
pattern as the spacing between adjacent ends of the two arrays is increased from 
d = 0 to d — 3X is obvious. Spacings of this kind may, for example, result from the 
introduction of a supporting tower between two bays of a single array. Another 
representative problem arises below in Sec. 5.6 on arrays of Yagi-Uda antennas. 

As a second example wo show in Fig. 5-14 a configuration made up of eight arrays 
of two couplets each. In this case wo keep the spacings A' constant but vary the 
relative phase B' between adjac.ent groups of couplets. The pattern of one of the 
unit arrays is shown dotted. The res\dtaut pattern is shown solid. It is to bo noted 
that as the phase constant varies from B' =» - sin 25® to B' « 0 to B' «= -f sin 25®, 
the principal pattern rotates in space, always staying within the confines of the pattern 
of the unit array. Representative methods of introducing phase are described 
elsewhere. 

Stacked Antennas. The discussion thus far has centered around the horizontal 
pattern of the array where the respective axes of the various elements are i>erpendiou- 
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more. At the lower frequencies the reflector curtain is often fed in a manner similar 
to that of the main array, but in some instances, particularly with large arrays, the 
reflector may derive its power parasitically. At the highest frequencies at which 
arrays are used, the reflector is invariably fed parasitically, and it usually takes the 
form of a mesh screen or simply a sheet of metal. Closely meshed reflectors may be 
expected to be efficient provided the dimensions of the interstices are small compared 
with the wavelength and the over-all area is as large as or larger than the correspond¬ 
ing driven curtain. 

Quantitative Considerations. Textbooks on antennas show that certain approxi¬ 
mations may be made in the equation for the directive pattern that permit the 
radiated power to be integrated over a sphere surrounding the antenna. This makes 
possible an expression for power input P in order to produce at a given distance a 
signal of specified level. Such an equation was derived many years ago. (Ref. 7, 
Appendix). Further simplifications, warranted only in the case of a fairly large 
number of couplets, permit a formula of the form 


P 



(6-8) 


where a and h are now the over-all dimensions of the array, and X is the wavelength. 
If we wish to compare this with the power P* necessary to produce the same signal 
from a nondirective or isotropic source, the comparison must be made with 


= A' /; d£t = 


(6-9) 


The corresponding gain of a short dipole is = %, and for a half-wave antenna it is 
1.64. The gain of the current sheet measured relative to an isotropic source is 
accordingly 


„ P' _ ^ab _ 47r^ 


( 6 - 10 ) 


where S is the area of the antenna. Gains measured relative to an isotropic radiator 
are referred to as absolute gains. If we wish to specify the gain of an array relative 
to a single half-wave antenna, Eq. (6-10) should accordingly bo divided by the factor 
1.64. If it is to be measured relative to a short dipole, the factor is 

Equation (5-10), when applied to measured gains, defines a quantity of St known 
as the effective area of a directive device. In most devices, as for example horns and 
parabolas, the effective area is somewhat loss than the dimensional area. In other 
devices, as for example a broadside array of couplets, it may bo slightly larger.* In 
still other devices, as for example a single radiating doublet or possibly the end-fire 
array, to be discussed presently, the difference may be very large indeed. In the 
receiving case we interpret this to mean that such a device is able to roach out for a 
considerable distance to bring in passing wave power. 

In applying the above formula to a broadside array of couplets, each made up of 
half-wave antennas spaced laterally at intervals of one-half wavelength and spaced 
vertically one-half wavelength between centers, we may, with sufficient accuracy, 
call the effective area Nn\^/A. Thus the effective height is regarded equal to the 
dimensional height and the effective width is larger than the dimensional width by 

* Though the reciprocal relationships between transmitting and receiving antennas are 
easily accepted, there would seem to bo a speejal significance to the effective area of a broad- 
sidc receiving array as compared with its counterpart among transmitting antennas. 
More particularly, it is especially easy to sec that the received power from an advancing 
plane T^vefront is greater when intercepted by a large broadside array than when inter¬ 
cepted by a small broadside array. It is not quite so easy to see that at the transmitter 
more power will be directed toward a distant rec<*ivor by a largo antenna than by a small 
antenna. Reciprocity shows that the latter must be true. 
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the quantity X/2. It is a convenient rule to say that the absolute gain of an array is 
about 12.6 per square wavelength. If the gain is to be measured relative to a half¬ 
wave antenna, the corresponding gain is about 7.6 per square wavelength. 

6.6. END-FIRE ARRAYS 

Upon referring to Fig. 6-9, one observes a series of sensibly unidirectional patterns 
which lie along a diagonal corresponding to the spacing factor a equaling numerically 
the phasing factor 6. Somewhat attractive also is the diagonal that lies immediately 
below. Since the direction of optimum signal lies parallel to the line of antennas, 
this arrangement is often referred to as end fire. It is to be noted that as the spacing 
is increased, thereby increasing the total length of the array, the corresponding 
XY-plane patterns (often horizontal) become progressively sharper. It is of special 

z 



Y 


(a) (b) 

Fio. 6-16. (a) Schematic representation of an end-fire array of isotropic sources. (6) 
Typical directional pattern. 

interest that this increase in sharpness occurs also in the XZ plane (vertical). All 
this occurs with a single line of antennas. No reflector is required. These seeming 
advantages notwithstanding, end-fire arrays have certain limitations, particularly 
when high gains are desired. The equation for the polar diagram for an end-fire 
array of isotropic sources aligned along the X axis is 


sin n7rg(cos y sin g — 1) 
n sin 7ra(cos <p sin 5 — 1) 
sin n7ra(cos y> sin 5 + 1) 
n sin 7ra(cos ^ sin 5 -j- 1) 


2>^>“2 


^ < 2 ^ 


(5-11) 


For short dipoles the above equations should be multiplied by sin 5. Like Eq. (5-2), 
which referred specifically to the broadside pattern, Eq. (5-11) specifics a main lobe 
together with various minor lobes. A schematic end-fire array and its corresponding 
two-dimensional pattern are shown in Fig. 5-16. In an end-fire array where the 
spacing factor is numerically equal to the phasing factor, it is possible to interpret the 
behavior in terms of a wave that sweeps progressively along the array. End-fire 
arrays, like broadside arrays, are of interest not only for the particular structures 
which they represent, but because they afford a good explanation for the behavior 
of certain other antennas quite different in structure. 

Continuous End-fire Arrays. More light on the behavior of end-fire arrays can be 
had from a slightly different approach. In this, we assume that the number n of 
elements becomes large as a and h each become very small. At the same time, we 
assume that p “ na represents the total length of the array measured in wavelengths 
and ^ nb represents the total over-all phase delay between the two ends. For the 
end-fire condition, ^ + p approximates zero, but somewhat improved results may be 
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obtained from departing from this relationship. In general, 

r = sm ff(p cos y sin g + j9) 
ir(p cos ^ sin d + jS) 

represents the equation corresponding to an infinite number of infinitesimally spaced 
sources phased as specified above. This arrangement is referred to as a continuous 
end-fire array. If we measure d relative to the axis of the line of radiators and bear 
in mind that the radiators are here assumed to be symmetrical, then 

^ sin 7r(p cos B + /?) 

cos ^ + )8) ( " ) 

In Fig. 5-16 are illustrated directional patterns for varying values of phase differences 
corresponding both to end-fire and to broadside arrays each six wavelengths long. An 
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Fig. 5-10. Effect of phase velocity on the directional characteristics of continuous arrays. 
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inspection of Fig. 5-16a shows that the pattern for tlie case jS = -C.5 is somewhat 
shan>cr than that for jS = —6.0, suggesting that the gain is somewhat greater when 
the (luantity — (/3 + p) is about 0.5. It will be observed that the case where jS ■= 0 
corresponds to broadside operation is discussiHl in Sec. 5.4. An insi>ection of Fig. 
5-166, which represents the broadside case, shows a rotation of the beam with phase 
difference, as already suggested by Fig. 5-14. 

The gain of an end-fin^ array of isotropic*, (dcunents has been calculated. For the 
particular case in which |8 + p = 0, (/ = 4p. For (uises in which j3 + p 0, the gain 
(relative to an isotropic radiator) can be writtcui 

g - 4Ap (5-14) 

where the factor A may be read from the calculaicHl graphs shown in Fig. 5-17. It is 
evident from the graphs that the gain is optimum when the quantity — (/3 + p) is a 
number slightly less than 0.5. This may be interpreted to moan that for best gain. 
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Fig. 6-17. Relation between factors A 
and ^ + p in an end-fire array [see Eq. 
(6-14)]. 


the phase lag between the two ends of the end-fire array should be roughly one-half 
period. As already suggested, it is sometimes simpler to interpret /3 in terms of a 
wave traveling along the array with a velocity v,, such that -/3 = p(v/v,), where v is 
the velocity in free space. The electrical length of the antenna measured in terms 

of the velocity along the antenna will then 
be one-half wave greater than that measured 
in free space. For the particular case cited 
above (p = 6, -|8 = 6.5), v, is about 92.3 
per cent of ». It is evident that in an end- 
fire array, the effective area is very much 
larger than the actual area. This suggests 
that, as a part of the receiving process, wave 
power is fed in from the sides as well as at 
the end of the array. It is not difficult to see 
that a velocity of propagation within the 
array that is somewhat less than that with¬ 
out could aid in this receiving process. It 
follows, from Eq. (5-14), that the optimum 
gain of this particular uniform end-fire array 
Tx • -j , - about 7.5 times its length measured in 

velei^ths. It is e^dent that if substantial gains were needed, perhaps 30 db 
{ff “ 1,000), the length of the array would need to be about 133 wavelengths For 
many cases of practice this might seem large. Perhaps more attractive from the 
en^eer s pomt of view would be a broadside array, possibly nine wavelengths on 

It has been pointy out that uniform end-fire arrays, like their counterpart broad- 
Mde arrays have minor lobes. Also Uke their broadside counterparts, these minor 
lobes may be reduced by judicial tapering of the currents in the individual elements. 
Figure 5-11 above shows the effect of tapering in end-fire arrays as compared with the 
corresponding case of broadside arrays. It is evident that hero, as in the broadside 
bSi''^^’^ expense of a broadening of the principal 

Fishbone Antennas. Two structures known generaUy as the fishbone and comb 
antennas have been devi^d by H. O. Peterson of the Radio Corporation of America. 

regards dissipation, these adaptations are relatively inefficient compared with the 
ordmary bro^side array; they are nevertheless very effective as receiving antennas 
m discrimmatmg against noise. Also, they function well over a band of frequencies, 

inefficiency, they are seldom, if ever, 
u^d at transmitting stations. Thus far their use oven for receiving has boon rather 

i™and’2rMo^'”^ confined to froquencios between 

antenna (Fig. 5-18) consists essentially of a two-wire transmission 

at closely spaced intervals 

horizon^ly disposed lateral wires each of the order of a quarter wave in length. 

by small capacitances, as shown 
schematically in Pig. 5-18. The proportioning gives rise to a wave propagated along 
the structure with a velocity a., which is about 90 per cent of that in free space. This! 

fishhe ^ features of an end-fire antenna. In a modification of the 

fehbone ^tenna used currently in England, the wires are made one-half wave¬ 
length and the cap^it^ces are eliminated. This leads to a velocity of propagation 
approaching that of hght in free space and to a much restricted bandwidth 

One physical picture of the behavior of the fishbone antenna as a receiver depicts 
power from the advancing wavefront picked up by the individual wires and fed 
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progressively to the transmission line as wave power along the latter moves onward. 
By this means, wave power advancing from the right is impressed on the receiver 
at the left to produce a usable signal, while wave power, perhaps in the form of noise, 



Fig. 6-18. The fishbone receiving antenna. 


advancing from the left, is dissipated in the termination So at the right. Good front- 
to-back ratios therefore depend on the extent to which the lino may be perfectly 
terminated. In the transmitting case, it is easy to conceive of each radiating wire 
as being a discrete source and the whole as an end-fire array of sources of the kind 
already discussed. 

The gain relative to an isotropic radiator of a fishbone antenna of length /is given 
approximately by 


g “ 4pAB 


(5-15) 


where the factor A is identical with that shown in Pig. 6-17, and li is road from the 
graph of Fig. 6-19. In this case p is tho Icngtli of the antenna measured in wave- 
lengths, and /3 is the total phase delay be¬ 


tween its two ends measured in complete 
periods. Tims p = //X, and /3 = -//X'. 
For long antennas, B is roughly unity and 
Eqs. (5-14) and (6-16) are essentially eejuiva- 
lent. The horizontal-plane pattern of a 
fishbone antenna is given by 

« sin [v>72 H- ^p(l - cos g)] 

<p'/2 + 7rp(l - cos d) 

where <p' = 27r(p -h fi). 

The Comb Antenna. The comb antenna 
is essentially one-half of a fishbone antenna 



sot up on edge above a suitable ground mat 
so as to receive vertically polarized waves. 
Since antennas of this general class have 
been used mainly for reception and since 


Fig. 6-19. Relation between tho factor B 
in 10 ( 1 . (6-16) and the length measured in 
wavelengths of a fishbone antenna. 


noise, particularly from local sources, is gcmerally greater when signals are received 
on vertical antennas than when n^oeived on horizontal antennas, the comb type has 
thus far found little practical use. 
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6.6. END-FIKE PARASITIC ARRAYS (YAGI-UDA ARRAYS) 

The combination of a single driven antenna and a closely coupled parasitic which 
may function either as a reflector or as a director, as was discussed in Sec. 6.3, strongly 
suggests an anay of such elements. Such structures arc not only feasible, but they 
have a rather important place in antenna practice, particularly in the frequency range 
between 100 and 1,000 Me. Arrays of this kind were first described in Japanese by 
S. Uda,i> professor at the Tohoku Imperial University in Japan. Subsequently, it 
was described in English by one of his colleagues, H. Yagi.“* This type of directional 
antenna is an interesting example of compactness accomplished at the expense of 
bandwidth. It therefore possesses a measure of the superdirectivity referred to in 
Sec. 5.3 above. This antenna also has many of the characteristics of the end-fire 
array described in Sec. 5.5. For example, one may identify in such an array a wave 
propagated parasitically from one element to the next with an effective velocity that 
is somewhat less than the velocity characteristic of free space. 


REFLECTOR 



DIRECTORS 


Pig. 5-20. Schematic arrangement of the Yagi-Uda array. 


In practical Yagi-Uda arrays, experiment shows that little is gained by ndding to 
the driven antenna more than one reflector but considerable gain results from nHRing 
munerous directors. However, since each director receives its power parasitically 
from the next preceding director and each in its turn radiates a portion of its power, 
the respective currents are progressively less as we proceed along the array and there 
is a measure of tapering. Also, there is a practical limit to the total number of ele¬ 
ments. Though arrays of thirty or forty elements have been built, the practical 
engmeer will probably stop at a dozen or even less. A total antenna length of 6X has 
^n mentioned as a reasonable limit.“ Figure 5-20 shows in schematic form a 
Yagi-Uda array consisting of a driven antenna together with a reflector and eight 
directors. The gain factor to be expected from such an antenna ranges from 6 to 
9 per unit length, where in this case the gain is measured relative to an isotropic source 
and the unit of length is one wavelength. 

The lengths of the reflector and the various directors, as well as their respective 
spacings, are for the most part compromises with such factors as gain, input imped¬ 
ance, front-to-back ratio, magnitude of minor lobes, and bandwidth. Though a 
theory* has been developed applicable to the case of a very few elements, best propor¬ 
tioning for most practical cases depends on experiment. Representative data taken 
largely from experiments by Fishenden and Wiblin are given below. The progres¬ 
sive reduction in current amplitudes mentioned above implies tapering. Ordinarily 
this would tend to reduce minor lobes, but the desire for optimum gain from a given 


J paper!* described the short-wave work then in progress in 

Japan and made Professor Uda’s work but one of its several features. However, because 
Yagi s paper was in English and was widely read, it became the custom to refer to this 

fcc'^rred in spite of the fact that Yagi was quite 
it shnnM h ProfesBor Uda. In view of accepted practices, 

als^?h^deS;e oTmJ. Yag1°"* * " 
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structure encourages the engineer to increase the over-all length of the array, and 
hence its individual spacings. This has the effect of increasing minor lobes. Spacings 
ranging from 0.16X to 0.30X, or even 0.40X, are representative. This is in contrast 
with the spacing of 0.04X mentioned in connection with Fig. 5-6. In the region of 
wider spacings, front-to-back ratios of perhaps 30 (16 db) may sometimes obtain, 
though front-to-back ratio is sometimes sacrificed for other desirable features. 

The authors mentioned above obtained gains from Yagi-Uda antennas as shown in 
Table 6-1. In this case, the director spacing was 0.34X. The director length con¬ 
formed in a general way with the data given in Table 5-2. In this case, the lengths 
were chosen to provide side-lobe ratios of 30 per cent or less. The reflector was one- 
half-wave long and was spaced one-fourth wave to the rear of the driven element. 


Table 6-1. Representative Gains of Yagi-Uda Arrays 


Number of 
directors 

Beamwidth,* 

deg 

Power gain 
over half¬ 
wave oleniont 

Gain per 
cleinont 

30 

22 



20 

26 

21 

0.96 

13 

31 

16 

1.00 

9 

37 

13 

1.18 

4 

40 

8 

1.33 


* Beamwidth in this case is measured relative to C-dh points on the directive pattern. 


Table 6-2. Variation of Optimum Director Length with Number of Directors 


Periphery P 

= 2irr = 0.019X) 

Number of 

Director 

directors 

length, X 

42 

0.386 

30 

0.40 

20 

0.407 

13 

0.414 

10 

0.42 

7 

0.423 

6 

0.434 


It has already been suggested that one of tlio limitations of the Yagi-Uda array is 
its low input impedance and its relatively narrow bandwidth. Both of these quanti¬ 
ties may be compromised against other factors to moderate the difficulty. Repre¬ 
sentative input impedances as measured at the center of the driven antenna arc given 
in Table 5-3. In all cases the length of tlie driven antenna was adjusted to pro¬ 
vide a nonreactive load at the mid-band frequency. Bandwidths of 2 per cent are 
representative. 

Figure 6-21 shows three horizontal patterns corresponding to three possible director 
lengths. It will bo noted that the pattern is rather crilicjal as regards director length, 
and arrangements that provide a favorable forward pattern may lead to unfavorable 
front-to-back ratios. 

Arrays of Yagi-Uda Arrays. Since the gain from a single Yagi-Uda array is often 
limited by length to about 30 (16 db), arrays of sue.h arrays are suggested as a moans 
of providing further gain. Ideally two sucli arrays should provide a total gain of 
18 db and four arrays should provide 21 db. However, numerous difficulties lie 
m the way of obtaining these high directivities. In arraying antennas the following 
two objectives may need to bo considered. 
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Tftbld 6*3. Input Impedance of a 13-director Antenna 
(Reflector length 0.5X, director spacing 0.34X) 


Reflector spacings, 
X 

Director length 

Spacing 0.406X, 
ohms 

Spacing 0.42X, 
ohms 

0.25 

62 

50 

0.18 

50 

43 

0.15 

32 

27 

0.13 

22 


0.10 

12 




Fio. 6-21. Horizontal polar diagrams of a 13-director Yagi-Uda array. (Reference 14.) 

Small Side Lobes May Be Desired. In this case the first minimum incidental to the 
interunit spacing should preferably be arranged to coincide with the first side-lobe 
maximum of a single array. 

A Narrow Beam May Be Desired. In this case the first interference minimum is 
made to lie immediately inside the main lobe, but not so far inside as to give rise to a 
substantial minor lobe. The reader is referred to Figs. 5-3 to 5-6 as an aid in fixing 
ideas. 

In arraying Yagi-Uda antennas, the engineer may in the interests of compactness 
prefer to accept a total gain of perhaps 15 db and obtain the same by means of an 
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array of Yagi-Uda antennas, each of perhaps 10 db. One possibility is an arrange- 
ment discussed by Fishenden and Wiblin.^^ 

6.7. OMNIDIRECTIONAL COLLINEAR ANTENNAS 

As has already been pointed out, it is entirely feasible to array linear antennas 
coaxially. Such an array provides a directional pattern which, when viewed in any 
plane through the major axis, closely resembles that of the simple broadside array 
already discussed. However, such a pattern has circular symmetry, and accordingly 
it is said to be broadcast^ or omnidirectional. As already suggested, the several ele¬ 
ments may in the general case be spaced or phased in an infinite number of possible 
ways. In the case of short-dipole elements fed in phase, the polar diagram is specified 
by Eq. (5-7). This also gives with moderately good accuracy the diagram for a 
collinear array of equiphased half-wave elements.* 



Fia. 6-22. Gains to be expected from a collinear (omnidirectional) array of short-dipole 
elements. The gain is relative to that of a single clornont. 


In many practical cases the spacing is fixed by the physical arrangement of antennas 
at about one-half wavelength, but in others it is madi^ greater than one-half wave¬ 
length. As already pointed out, Eq. (5-7) has a maximum of unity when ir/2. 
This corresponds to the major lobe of the pattern. Also, there are minor lobes with 
minima between, very similar to those discussed in connection with Fig. 5-0. The 
corresponding patterns are also similar to those* shown in the top row of Fig. 5-9, their 
differences being so small as to hardly justify additional illustrations. 

As in the previous cases, the total length (aperture) of the collinear array is an 
important dimension in determining gain. For a given aperture, the spacing between 
elements is relatively unimportant provided minor lobes do not become appreciable. 

* It also gives with good accuiracy the pattern for an array of small-loop antennas each 
with its plane perpendicular to the axis of the array. 
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FigMe 5-22 shows how the gain expected from a coUinear array of antennas varies 
with spacing. Though applicable specifically only to short antennas or to small 
loops, ^ese data are applicable with reasonable accuracy to half-wave antennas as 
well. Comparing Fig. 5-22 with Fig. 5-10, it will be noted that arrays of coUinear 
antennas permit of somewhat wider spacings than do the corresponding arrays of 
transverse elements. 

For a number of applications, the element spacing of the array is sometimes made 
greater than one-half wavelength. This is done in the interests of saving fittings and 
otherwise simplifying the construction and reducing the weight of the antenna struc- 
ture. In other structures, the half-wave elements are placed approximately end to 
end and are therefore spaced by one-half wavelength between centers. The half¬ 
wave elements may of course be overlapped, thereby making the effective spacing 
substantially less than one-half wavelength. This is a possible expedient in the case 
of low-frequency antennas. 

It should be obvious that principles of tapering already discussed in Sec. 5.3 apply 
to collmear antennas. Also, it should be possible, if the occasion should arise, to 
vary shghtly from zero the phase between adjacent elements of the array, thus moving 
the be^ up or down slightly. These are some of the variables at the engineer's 
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6.1. INTRODUCTION 

The loop antenna is a radiating coil of one or more turns. Both ferrite and air- 
coil loops are commonly used in radio receivers. There is also wide application in 
direction finders, aircraft receivers, and UHF transmitters. 


6.2. RADIATION PATTERN 


The radiation pattern of a small loop is i<lentical with that of a small dipole oriented 
normal to the plane of the loop with the E and // fields interchanged. If the normal 



Pu». 0-1. CoordiiiatoH for loop anU'nna. 


direction to tlie plane of the loop is the polar axis of a spherical coordinate system 
(see Fig. 0-1), the radiah^d (^h'ctroinagnetic fiehls an‘ givcm by 


E^ 

He 


V>,0ir^N A 
r " 


I sin 0 


irNA , . ^ 

— 5^/mne 
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(6-1) 

(6-2) 
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where r = distance from antenna 
I = antenna current 
N = number of turns 
A = area of loop 
X = wavelength 

Equations (6-1) and (6-2) are valid, for arbitrary loop cross sections, provided that 
the current is uniform and the loop diameter is uniform and the loop diameter is smaU 
(i.e., loop radius a < X/6). The radiation pattern of the loop is shown in Fig. 6-2. 



a ELECTRIC 
® POLARIZATION 


Fig. 6-2. Principal plane pattern—small loop. 

The voltage induced in a small-loop receiving antenna is 

F = ~ NAE,^ sin B 

where B is measured from the axis of the loop, and is the ^ component of the incident 
neld. 

4 . 1 . ^ ourreat is maintained around a single-turn circular loop of radius a, 

the radiated field is 




(6-3) 

(6-4) 


where is the Bessel function of the first kind and first order. Those patterns have 
Identically the same shape as those of an annular slot of large diameter (Sec. 8.6). 

6,3. RADIATION RESISTANCE 

The radiation resistance of a small air loop is 

3207rU*iV» 


■Rpacl 

For a circular loop of diameter D (D = 2a), 


X^ 


(6-5) 


Rr^ = 19,OOOiV« (6.6) 

the diameter of a simple loop fed from a single point 
must be less than X/2. If B = 0.1, - 1.9 ohms. 

In the case of a radio receiver, if JV = 60 and B/X - 10-«, it follows that 


fBrad = 50 microohms, 


which is far less than the ohmic resistance of the wire, 
loop is feeding a high impedance input and the induced 
greater interest. 


However, in this case the 
voltage is the quantity of 
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Several techniques are possible for increasing the diameter of the loop while still 
maintaining approximately uniform current distribution. The radiation resistance 
for square loops whose dimensions are comparable with the wavelength is given 
by Eq. (6-6). 

- 320iV* (sin jY (6-6) 

where < is the length of the side of the square. For f = X/4, AT = 1, i2„d = 80 ohms. 
For the case of the Alford loop design (Type 1) shown in Pig. 6-3, there are two 



(a) (b) 

Fio. 6-3. Ouc-wavolongth-ciroumfcrence Alford loop: (a) Schomatic. (6) Current 
distribution. 



Fig. 0-4. Maximum-gain loop: (a) Schomatir. (h) Current distribution. 

feed points on the loop. Capacitive loading of the corners opposite from the feed 
result in inaxiinuin currents at the centers of each side of the loop. The loop oir- 
cuinference is approximately one wavelength. Figure 6-4 illustrates a design for a 
four-feed two-wavolength-ciroumferenco design (\/2 circumfereiKie per feed point). 
This design is close to maximum gain since spacing between opposite sides is X/2. 
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7.1. AXIAL-MODE HELICAL ANTENNAS 

A very thorough study of the basic concepts of the axial or beam mode of helical 
antennas has been made by John D. Kraus, and a great deal of information appears 
in print prepared by Kxaus and his asso¬ 
ciates. Of necessity, the material 
herein, which covers the end-fire types of 
helical antennas, draws heavily from the 
works of Kraus. 

The helical beam antenna, or axial¬ 
mode helix, possesses a number of un¬ 
usual characteristics. It operaUts as an 
end-fire beam antenna generating waves 
that are circularly polarized. Perhaps the 
most remarkable property of the axial¬ 
mode helix is that this type of radiation 
persists over about a 1.7:1 range in fre¬ 
quency, with the directivity or gain close 
to maximum at all frequencies in that 
range. Tliis results from a natural adjust¬ 
ment of the phase velocity of wave propa¬ 
gation along the helix to approximately the 
proper value required at each freciucncy for 
making the directivity of the antenna a maximum; that is, a given helix automatically 
produces about the highest directivity possible for an antenna of its size and does this 
over a considerable bandwidth. Figure 7-1 shows the axial, or beam, mode of 
operation as contrasted with the omnidirectional, or broadside, mode obtained with 
other dimensions. 

7 1 



AXIAL OMNIDIRECTIONAL 

MODE MODE 


Fig. 7-1. Axial, or beam mode, of helical 
antenna as contrasted with the omnidirec¬ 
tional, or perpendicular, mode. 
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7-2 HELICAL ANTENNAS 

The axial or end-fire, mode of radiation of the helix is most simply generated by 
the coaxial-line and ground-plane arrangement shown in Fig. 7-2, with the inner 
conductor conne^ed to one end of the helix and the outer conductor terminated in a 
ground pl^e. The ground plane may be made of sheet, of screen, or of a number of 
radial and concentric conductors. 

The foUowing symbols axe used to describe the helix and ground plane (Pie 7.2 V 
^ == diameter of helix 

' spacing between turns (center to center) 

' pitch angle = tan-^ (S/ttD) 

> length of one turn 

> number of turns 
= axial length (nS) 

' diameter of helix conductor 
distance of helix proper from ground plane 
ground-plane diameter 
If one turn of a helix is unrolled on a flat plane, the circumference (tD), spacing (S), 

turn length (L), and pitch angle (a) are 
related by the triangle shown in Fig. 7-2. 

In Fig. 7-2 the coaxial line is coincident 
with the helix axis and the feed wire (be¬ 
tween a and b) lies in a plane through the 
helix axis. Beyond point b the conductor 
lies in the surface of the imaginary helix 
cylinder. This is the helix proper of axial 
length A. The component of the feed- 
wire length parallel to the axis is g, which 
is about equal to 8/2. The antenna ter¬ 
minals are considered to be at the point 
of connection with the coaxial line, and 
all impedances are referred to this point 
1 . 11 . . a. It is sometimes more convenient to 

place the coaxial-lme terminals at a point which is D/2 from the axis, as indicated 
by point c. 

diameter Dx and spacing Sx in freenspace wave¬ 
lengths change, but the pitch angle remains constant. The relation of Dx, Sx, and a 
^ frequency is conveniently iUustrated by a diametcr-spacing chart as 

in * ig. 7-^. The dimensions of any uniform helix are defined by a point on the chart, 
^t us consider a helix of pitch angle equal to 10°. At zero frequency, Dx = Sx - 0. 
With increMe m frequency, the coordinates (Sx,Dx) of the point giving the helix 
spacing and diameter increase, but their ratio is constant so that the point moves 
^ong the constant-pitch-angle line for 10°. Designating the lower- and upper- 
frequency hmite of the frequency range of the beam mode by F, and F,, respectively, 
the corresponding range in spacing and diameter is given by a line between the points 
lor Fi and Fj on the 10° Ime. The center frequency of the range is Fa and is taken 
arbitrarily such that Fa - Fi ~ Fa - Fa, or Fa = (f, -|- Fa)/2. 

Pattern ^d impedance data are avaflable in the literature* for helical antennas of 
fixed physical length with pitch angles ranging from 6 to 24°. The antennas are 
about 1.6 wavelengths long at the center frequency of the beam-mode range with 
alf-power beamwidths of about 40°. An optimum helix may be determined by 
coinparing pattern and impedance data*’* on a D-S chart, as in Fig. 7-4. The pattern 
contour in Fig. 7-4 mdicates the approximate region of satisfactory patterns. A 
satisfactory pattern is considered to be one with a major lobe in the axial direction 
and with relatively small minor lobes. Inside the pattern contour of Fig. 7-4 the pat- 
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terns are of this type and have beamwidths of from 30 to 60°. Inside the impedance 
contour the terminal impedance is relatively constant (between 100 and 150 ohms) 
and is nearly a pure resistance. A third contour in Fig. 7-4 is for the uTiai ratio 
measured in the direction of the helix axis. Inside this contour the aTiai ratio is less 
than 1.25. From a consideration of the three contours it is apparent that too amiiii 
or too large a pitch angle is undesirable. An “optimum” pitch angle appears to be 
about 14°. Since the properties change slowly as a function of a in the vicinity of 
14°, there is nothing critical about this value. In fact, the properties of helices of 
pitch angles of 14 ± 2° differ but little. Referring to Fig. 7-4, a line is indicated for 
a = 14°, with upper and lower frequency limits for satisfactory operation. Although 



Fio. 7-3. Diamotcr-spacing chart showing Fio. 7-4. Diamoter-spacing chart with con- 
ranKO of dimensions associated with an opor- tours showing regions of stable performance 
ating band. for pattern, impedance, and low axial ratio. 

the exact location of these limits is arbitrary, it is relatively well defined by the close 
bunching of the contours for the three properties near the frequency limits. The 
frecpiency range between Fi and F 2 is 1.67 to 1. Although the optimum pitch angle 
of 14® associated with this frequency range applies specifically to a helix with an over¬ 
all axial length of about 1.65 wavelengths and a conductor diameter of 0.017 wave¬ 
length at the center frequency, it is probable that 14® is close to optimum for helices 
that are considerably shorter or longer or are of somewhat different conductor diam¬ 
eter. An optimum helix has been constructed and measured.^ Since S - 0.24 wave¬ 
length at the center frequency for the 14® helix, the number of turns n is approxi¬ 
mately 6. Thus the optimum lielix is chosen as a unit with six turns and 14® pitch 
angle for general-purpose wideband applications. 

Figures 7-5 and 7-6 show a summary of field pattern, axial ratio, and standing-wave 
ratio measurements performed on a six-turn 14® helix. It is evident from these data 
that the axial mode of radiation occurs for fre(iuencies between about 290 and 500 Me. 
For general design applications of the helical antenna the following dimensions may 
be used; all dimensions are expressed in terms of the free-space wavelength at the 
center frequency of operation:® 

Diameter: D - 0.32X 
Spacing: S = 0.22X 
Ground-plane diameter: 0 ^ 0.8X 
Conductor diameter: d = 0.02X 

Spacing from ground plane to first turn: g * S/2 « 0.12X 
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The only remaining quantity which must be specified is the number of turns n, and 
this is determined by the desired beamwidth or gain. 



Fig. 7-6. Mewured azimuthal electric-field patterns of the six-turn, 14® helix. The solid 
patterns are for the horizontaUy polarized, and dashed patterns for tho vertically polarized 
field component. Between 290 and 600 Me the patterns are characteristic of tho funda¬ 
mental beam mode of radiation. 


Based on the measured patterns of a large number of helical-beam antennas,* it is 
found that the beamwidth (fi) between half-power points is given quite closely by 



where X =*= free-space wavelength 
S = spacing = C tan a 
C = circumference 
n =» number of turns 

It is assumed that the pitch angle is between 12 and 15°, that n is at least 3, and that 
the circumference is between three-quarters and four-thirds wavelengths. Half¬ 
power beamwidths are illustrated graphicaUy in Fig. 7-7 as a function of the axial 
length of the helix nS and of the circumference C in free-space wavelengths. The 
number of turns n for the center frequency and a pitch angle of 12.5° is also indicated 
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in Fig. 7-7 by the lower scale for the abscissa. Thus for a 37° boamwidth at the center 
frequency, a 12.6° helix requires nine turns. 

If the shape of the main lobe of the radiation pattern is desired, it can be drawn 


X 



Fto. 7-0. Summary of measured performanee of the six-turn, 14® helix. 


approximately with the aid of tlie half-power points (i^^) and the boamwidth 8 between 
first nulls of the pattern as given by 


= 2.21i8 


X V X 


deg 


(7-2) 


An approximate expression for the power gain of a helical beam antenna, with 
resjx^ct to an isotropic circularly polarized source, can Ixj obtained by dividing the 
s(iuare of the boamwidth into the number of scpian^ degrees in a sphere (41,253). 
Thus 

Gain ^ If) ( 7 ^) 

or as a decibel ratio: 

Oainsn.8 + 101og,o|(Q*2^] db (7^) 

These formulas neglect the effect of minor lobes, and the gains may in some cases be 
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slightly high, but usually not by more than 1 or 2 db. A graph giving the power gain 
of helical beam antennas as a function of axial length nS and circumference C in free- 
space wavelengths is presented in Fig. 7-8. The number of turns n for the center 
frequency (C — l.OX) and a pitch angle of 12.5® is also indicated in Fig. 7-8 by the 
lower scale for the abscissa. For example, if a gain of 12 db is desired at the center 
frequency, a 12.5® helix with about 4.8 turns is required. 



AXIAL LENGTH (nS) IN FREE SPACE WAVELENGTHS 

JL-1_ » I I I I I I I I I I I I ■ I I I 

3 4 5 6 7 8 9 10 12 14 16 1820 26 30 35 4045 

NUMBER OF TURNS (n) FOR C=I.OX AND a»I2.5* 

Fig. 7-7. Half-power beamwidth of helical beam antenna as a function of the axial length 
ana ci^umference in free-spaoe wavelengths, and also as a function of the number of turns 
when C « 1 wavelength and a « 12.5°. 


Assuming that the relative phase velocity of wave propagation on the helix fulfills 
the rnaximum directivity conditions,® the ellipticity, or axial ratio AR, of the polariza¬ 
tion in the direction of the helix axis can be stated approximately by 


AR * 


2n + 1 
2n 


(7-5) 


There are two kinds of circular polarization, right-hand and left-hand. Either 
type may be generated by a helical beam antenna, depending on the manner in which 
the helix is wound. A helix wound like a right-hand screw radiates or receives right- 
hand circular polarization. It is important for maximum signal over a direct path 
between circularly polarized transmitting and receiving antennas that both be of 
the same type, that is, both helices be right-hand or both be left-hand. 

A helix of more than three turns, with a pitch angle between 12 and 15®, has a 
terminal impedance which is nearly a pure resistance. If the feed arrangement is as 
in Fig. 7-2, the terminal resistance tends to increase as a function of the frequency 
over the frequency range of the axial mode.® 

From impedance measurements on a large number of helical beam antennas with 
this feed arrangement and of at least a few turns, it was found that in the frequency 
range of the axial mode (circumference between three-fourths and four-thirds wave¬ 
lengths) the terminal resistance R was within about ±20 per cent when the following 
expression was used: 


p 140C 


ohms 


(7-6) 
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NUMBER OF TURNS (n) FOR C=I.OX AND a = l2.5® 

Fia. 7-8. Power gain of helical beam antenna with respect to isotropic circularly polarized 
source. 

In general, the terminal-resistance variation with frequency will be less for a large 
number of turns than for a small number. 


7.2. ARRAYS OF HELICAL ANTENNAS 


Circularly polarized antennas of considerably greater directivity than is provided 
by the single helix can be obtained with helical beam antennas in a variety of arrange¬ 
ments.^-” Three methods are illustrated 
in Fig. 7-9, showing broadside arrange- / 

ments. In Fig. 7-9a a helical beam antenna | i BEAM ^ 

acts as the primary antenna to illuminate a \ ^ 

sheetmetal reflector of parabolic or other \ 

shape. By adjustment of the illumination AND REFLECTOR 

of the reflector by the primary helical beam 

antenna, control of both the beam shape ^ 

and the size of minor lobes is afforded. =c=r^'''' BEAM. 

In Fig. 7-96 a helical beam antenna is ^ 

used to excite a circularly polarized TEn HELIX IN 

mod(i in a cylindrical waveguide connected ^^*"w!th^H 0RN^**^^ 
to a cylindrical horn. The area of the 
aperture of the horn for a given gain will be Unn^ 

approximately the same as for the reflector 
arrangement. (c) 

In Fig. 7-9c a broadside array of helices 
is shown as an arrangement for obtaining a ■wwr BROADSIDE ARRAY 

circularly polarized antenna with high gain. ^ HELICES 

With this configuration linear polarization ^7®; i^iKb-gain antenna systems using 

, , ^ ^ helical beam antennas, 

may bo obtained with suitable arrangement 

and phasing of left-hand and right-hand helices in the array. 

Figure 7-10 gives the dimemsions for a broadside array of four helical beam anten- 


HELIX IN 

CYLINDRICAL GUIDE 
WITH HORN 


Umr BROADSIDE ARRAY 

I OF HELICES 

Fiu. 7-9. High-gain antenna systems using 
helical beam antennas. 
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nas.^ Each helix is of the six-tum 14® type. Dimensions are given in frecnspace 
wavelengths at the center frequency. The helices are mounted on a flat square 
ground plane of 2.5 X 2.5 wavelengths. All helices are oriented in the same manner 
and are energized with equal, in-phase voltages. The helices are symmetrically 



Fig. 7-10. Constructional details for broadside array of helices with four six-turn 14® units. 
Uimensions are in free-space wavelengths at the center frequency. 


placed and spaced 1.5 wavelengths between centers. All the helices are wound in 
the same direction, and the radiation is circularly polarized. If two of the helices 
were wound left-hand and the other two right-hand, the radiation would be linearly 
polarized. 

To energize each of the helices with equal, in-phase voltages and, at the same time. 



provide a broadband transformer be¬ 
tween the antennas and a 53-ohm line, 
the following arrangement is employed. 
Each antenna is connected by a "single- 
wire vs. ground-plane^^ transmission line 
which tapers gradually from about 130 
ohms characteristic impedance at the an¬ 
tenna to about 200 ohms at the center 
of the ground plane. The four lines from 
the four helices connect in parallel at this 
point, yielding 50 ohms. 

The ground plane of the antenna is 
94 X 94 cm, and the center frequency is 
800 Me. Figure 7-11 shows the half-power 
beamwidths, the axial ratio, and the 


FREQUENCY IN MC. 



FREQUENCY IN MC 


Fig. 7-11. Summary of measured per¬ 
formance of four-helix array shown in 
Fig. 7-10. 



•AXIS 

Bright handed 

m HELIX 

BLEFT HANDED 
P HELIX 

(b) 


Fig. 7-12. Helical-antenna configurations 
for producing liiu^ar polarization. 


SWR on a 53-ohm line as a function of frequency for the array. 

Figure 7-12 shows helical-antenna configurations for producing linear polarization. 
Two helices, one wound left-hand and the other right-hand but otherwise identical, 
are mounted as shown ip Fig. 7-12a. The right and left circular polarization com- 
me on the axis to give linear polarization. If the resulting field is vertically polarized. 
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then rotating one helix 180® on its axis turns the plane of polarization to horizontal. 
Another method of obtaining linearly polarized radiation in the axial direction is by 
connecting a left- and a right-hand helix in series as in Fig. 7-126. 

Mutual coupling between helical beam antennas is of interest,especially where 
they are to be employed on two adjacent communication circuits. Measurements 
have been made on two right-hand helical beam antennas at 400 Me where the spacing 
between units on the same tower was varied. The two helical antennas were oriented 



Fiq. 7-13, Moaflured decoupling between 
two hcliccB at 400 Mo. 


FOR A GAIN 
G, AND N TURNS 
EACH SIDE OF 

feed: 

gsn 


s /iiEiiliHi 
V 7 ^ 


ps ^ 
^ 2 




S-H 




«|<-FEED POINT 

s> 


Fig. 7-14. Winding arrangement of single¬ 
bay side-fire antenna composed of ooncen- 
trically disposed helical conductor and con¬ 
ducting cylinder. 


in the same direction for these measurements, and the vertical spacing varied. Refer¬ 
ence level (0 db) was established by directly connecting the signal generator to the 
input terminals of the receiver. For subsequent readings the signal generator was 
connected to one helical antenna and the receiver to the other. The relative signal 
levels at various spacings are shown in the curve of Fig. 7-13. 


7.3. BROADSIDE-TYPE HELICAL ANTENNAS 

The broadside-type heli(‘,al antcuina uses the traveding-wave principle to excite a 
large portion of the aperture from a single feed.^** *® Figure 7-14 shows the winding 
arrangeimuit of a single-bay side-fire (broadside) antenna composed of concentrically 
disposed helical conductor and conducting cylinder. In such a configuration each 
helix and its associated conducting cylinder may be considered much the same as a 
single-wire transmission line, using the cylindrical surface as the return path. As is 
well known, such a line tends to radiate energy in increasing amounts as the spacing 
between conductor and return surface is increased. Hence the relative diameter of 
the helix and the cylinder constitute an effective control over the radiation of energy 
per turn. This spacing can be used to accomplish a proper balance between aperture 
illumination and standing wave present on the helix. By choice of the helix diameter 
so that one turn of tlie helix constitutes a length etjual to an integral number of wave¬ 
lengths, the currents in all conductors of the antenna possess a coherent phase rela¬ 
tionship at a given azimuth and consequently radiate as a broadside array to con¬ 
centrate the radiation in a vertical plane. 

Figure 7-16 shows the calculated results for v('rtical patterns for modes up to and 
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including the fifth (mode numbers correspond to numbers of wavelengths per helix 
turn). Note that the one-wavelength mode radiates rather uniformly in most 
directions, better along the axis than in its plane. This is the mode commonly used 
in the end-fire helices. 

The one-wavelength mode does not lend itself to practical mast support. The 



Fig. 7-16. Vertical patterns from one turn of intcgral-niodo helix with z(to pitch anghi and 
attenuation. Patterns are shown up to the fifth mode. 



strong loop field passes directly through the center of the loop, and a large metallic 
member causes serious disruption of normal operation. Hy using a higher-order 
mode, where the field at the center is zero and where the dianu^ter per turn is largo 
enough to permit a sufficiently strong support without seriously disturbing operation, 
the desired radiation characteristics can be obtained. 

Figure 7-16a and b shows a sketch of the instantaneous fields existing in one turn 
of a first- and second-mode helix. Figure 7-10c shows the seoond-modc-hclix field 
after a mast has been inserted along the axis. Naturally, there is some component 
of vertically polarized radiation from the helix because of the helix pitch. The per¬ 
centage of this component is appreciable when based on the analysis of a single turn. 
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MEASURED HORIZONTAL PATTERN, 
ONE BAY. 500 MC. MODEL 



Fia, 7-17a. Measured horizontal pattern, one-bay, 600-Mc model. 



ANGLE FROM ZENITH, DEGREES 

Fiu. 7-17/;. Measured v(5rtical pattern, one-bay, 600-Mc model. 

Howovor, by making use of a right-hand and a left-hand helix, placed end to end and 
fed in the center, the vertical coinponentH can be made to cancel, while the horizontal 
components are reinforccid. In the normal design the power gain per bay is of the 
order of 5. Th(i design centcir for radiation loss per turn is chosen as 4 db per turn 
so that the energy remaining at the ends is down more than 20 db. Thus the far 
end of the conductor of the helical current may be left open or shorted rather than 
terminated, with negligible effects from the reflections occurring at the unterminated 
ends, since only a small amount of energy remains in the wave at this point. Higher- 
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gain antennas are made by stacking and properly feeding identical bays. Arrays of 
vertically stacked bays up to five have been developed, and various patterns are 
shown in Fig. 7-17. 



Fig. 7-17c. Measured vertical pattern, four-bay, 1,000-Mc model. 

The feed-point impedance at the junction located at the center of a single bay is 
of the order of 100 ohms and is essentially resistive over a largo percentage of the 
band because of the nonresonant characteristic of the antenna. 
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8.1. INTRODUCTION 

This chapter deals with the characteristics of small slot antennas. The metal sur¬ 
faces in which tlie slots are cut will be large compared with a wavelength, but the slots 


themselves are less than one wavelength in 
extent. Such slots may be excited by 
means of an energized cavity placed behind 
it, through a waveguide, or by a transmis¬ 
sion line connected across the slot. 

The simplest example of such an antenna 
consists of a rectangular slot cut in an ex¬ 
tended thin flat sheet of metal with the slot 
free to radiate on both sides of this sheet, as 
shown in Fig. 8-1. The slot is excited by 
a voltage source such as a balanced parallel 
transmission line connected to the opposite 
edges of the slot, or a coaxial transmission 
line. 



8-1 


Fio. 8-1. Rectangular slot. 
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The eleetric-ficld distribution in the slot can be obtained from the relationship 
between the slot antennas and complementary wire antennas as established by 
Booker. 1 It has been shown that the electric-field distribution (magnetic current) in 
the slot is identical with the electric-current distribution on the complementary wire 
In the case of the rectangular slot illustrated, the electric field is porpondioular to the 
long dimension and its amplitude vanishes at the ends of the slot. 

The electric field is everywhere normal to the surface of the slot antenna except in 
the region of the slot itself. The theoretical analysis of this configuration shows that 
the radiation of the currents in the sheet can be deduced directly from the distribution 
of the electric field in the slot. Consequently, the radiated field of an elementary 
magnetic moment within the slot boundaries should include the contributions of the 
electric currents flowing on a metal surface. 

In general, a slot-antenna design will require that the slot bo cut in other than an 
extended flat sheet surface. Whatever the surface is, the oloctrie field will be every¬ 
where normal to it except in the region of the slot. The field due to the electric cur¬ 
rents on this metal surface can be deduced from the exciting magnetic currents* in 
the slot, just as m the case of the flat metal sheet. This field can bo combined with the 
excitmg field so that the resultant is the total field due to a magnetic current on the 
given boun^ surface. Thus the field of a thin rectangular slot out in a circular 
cylmder differs from that of a slot out in a flat metal sheet since the distribution of 
eleotno currents is different for the two cases. Sections 8.2 to 8.7 discuss the radiated 
fields of slot antennas cut in a variety of surfaces. 

In general, the slot antenna is not free to radiate on both sides of the surface on 
which It is cut since one side is either completely enclosed, c.g., the slotted cylinder 
antenna, or it is desired that the radiation on one side bo minimized. In these 
the influence of the enclosed cavity region on the excitation and impedance of the slot 
antenna m sigmfioant to the antenna design. Aspects of this problem are discussed 
in oec. 8.9 for the rectangular slot. 


8.2. SMALL RECTAN'GTTLAR SLOT IN INFINITE GROUND PLANE 

The theoretical Properties of a radiating slot in a flat sheet can bo obtained from 
Book^ a extension of Babinct’s principle, which shows that tlic field of the slot can 
be deduced from those surrounding a dipole of the same dimensions by interchanging 
the electric and magnetic vectors. Alternatively, the field can be found from the 
equivalence principle, as discussed in Sec. 2.4. The radiation field of a small roctan- 
gular slot such as shown m Fig. 8-1 is given by 


Ed 


^ cos 9 8in» 
2rX 


dx dy 


-ikr 


( 8 -la) 

(8-16) 


whore S. w the * component of the olcctric field in the slot, 1 - - 27 r/X, r is the distance 
from the slot, fl and 0 are as defined in Fig. 8 - 1 , and it is assumed that the electric 
lold IS parallel to the x axis. The pnncipal plane radiation patterns of this magnetic- 
current dipole arc presented in Fig. 8 - 2 . It is seen that the rniliatiou pattern in the 
xr plane is ommdirect.onal, and the pattern in the yz plane varies as sin P. It 
important to observe that tlio pliaso of the radiated field reverses on the two sides of 
tno ground plane oven though the patterns are idontioal. 


8.3. HALF-WAVE RADIATING SLOT IN INFINITE GROUND PLANE 


Radiation Field. A rectangular slot cut in a 
when it is a half wavelengtli long. As in the case 


flat shoot of rnctal will he resonant 
of the comph^montary wire antenna, 



HALF-WAVE RADIATING SLOT IN INFINITE GROUND-PLANE 8-3 

the m^netio-cumnt distribution for the thin slot is approximately sinusoidal The 
radiahon pattern of the half-wave slot in the plane is the same as that given in 
ig. 8 - 2 . In the yz plane, however, the radiation pattern is given by Eq. ( 8 - 2 ). 


= ®*( 0 ) cos sin sec B 


(8-2) 


■where ^^(O) is the field strength at the peak of the pattern. 

Nett Held. The near field of a slot antenna is of interest in determining the 
coupling of antennas to each other. Although the radiation pattern of a slot antenna 
IS dependent upon the shape of the metal surface at large distances from the slot, the 





Fig. 8-2. Principal plane field diagrams for 
thin rectangular slot. 
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Fig. 8-3, Field attenuation near half-wave 
slot. 


near fields attenuate rapidly for relatively short distances from the source. The near 
field of a half-wave slot antenna in a flat ground plane is thus approximately equal to 
the near field m any surface of large curvature. The fields due to a half-wave slot in 
an infinite conducting sheet are given by Bqs. ( 8 - 3 o) to ( 8 - 3 c): 

^ 2t 7; \ p ri p rg y 

Eff, = —y ^ ~ -1- 

where (p,<^,z) are the coordinates of a cylindrical coordinate system in which the slot 
IS coincident with the z axis, n and r 2 arc the distances from the ends of the slot to 
the point of observation. 17 = 1207r is the impedance of free space. E is expressed in 
volts per meter, and H in amperes per meter. 

These theoretical expressions indicate that the electric field in the plane of the slot 
IS zero along the axis of the slot inversely proportional to distance from the center 

equal phase are ellipsoids of revolution about the a axis. 

The experirnental work carried out by Putnam, Russell, and Walkinshaw» indicates 
that the distribution in a half-wavelength slot with a length-to-width ratio of 14:1 is 
closely sinusoidal but that within 20 per cent of the resonant frequency there is a 
considerable departure from the sinusoidal distribution. Figure 8-3 illustrates the 


(8-3a) 

(S^b) 

(8-3c) 



SLOT ANTENNAS 


measured attenuation of the electric field along the sheet on the x axis. Figure 8-4a 
is a plot of the phase front of a half-wave slot at resonance, and Fig. 8-46 is a plot of 

the amplitude distribution at resonance. 

I_ It should be noted that the phase velocity 

is greater than the free-spacc velocity near 
X X \ til® center of the slot. 
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(a) EQUIPHASE CONTOURS 
AROUND A HALF-WAVE 
RESONANT SLOT 
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1(b) EQUIAMPLITUDE CONTOURS 


Fig. 8-4. Phase and amplitude contours 
near a half-wave slot. 


8.4. RADIATION CHARACTERISTICS 
OF HALF-WAVE SLOT IN A 
FINITE FLAT SHEET 

An important slot-antenna configuration 
is one in which a slot is free to radiate on 
one side of a flat sheet only. Calculations 
for this configuration are generally difficult 
and at best approximate. Measured re¬ 
sults* for patterns of a half-wave slot in a 
circular ground plane of diameters 2X, 3X, 
and lOX are shown in Fig. 8-5a, 6, and c, 
respectively. It is seen that an interfer¬ 
ence pattern results in the illuminated re¬ 
gion which corresponds to sources located 
approximately a half diameter apart, with 
the center at the slot. The radiation in the 
shadow zone immediately behind the slot 
is appreciable even for the lO^wavelength 
diameter. Figure 8-5d is a polar diagram 
in the yz plane for a diameter of 10 
wavelengths. (See also Ref. 22.) 

8 . 6 . AXIAL SLOT IN A CIRCULAR 
CYLINDER 


a xiuii-wave aioi. . 1 . J 

A cylinder of radius a is shown in Fig. 8-6, 

r.„+- .4 / . ^ m, .. '*^^’®** “ coaxial with a cylindrical coordi¬ 
nate system The radiation field of a slot cut along the « axis consists of JSf* 

and H, components referred to the indicated spherical coordinate system. If 7« is 
the voltage across the center of a half-wave resonant slot, 




M (jea sin 4 > 


Hi = - —t 
120 


The cylinder space factor 11/(3;,^) is given by 




*0 - 1 , = 2 

Kor a small-diameter cylinder, tliat is, a: = to sin « 1, 

M{ka sin i gi^it 


(8-6) 
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d«3X d»IOX 

Z-AXIS Z-AXIS 



(a) (b) (c) 

POLAR DIAGRAM IN X. Z PLANE 



d»IOX 

Z-AXIS 



(d) 

POLAR DIAGRAM IN 
Y,Z PLANE 


Fig. 8-5. Polar diagrams of half-wave slot on finite ground plane: (a) a^^-plane pattern 
for 2X-diamQtcr ground plane, (h) a;z-plano pattern for 3X-diamoter ground plane, (c) 
;B 2 -plano pattern for lOX-diameter ground plane, (d) ^ 2 -plane pattern for lOX-diamotcr 
ground plane. 



Fig. 8-6. Axial slot on a cylinder. 





PHASE FUNCTION DEVIATION A m PHASE FUNCTION a IN DEGREES 


AXIAL SLOT IN A CIRCULAR CYLINDER 




AZIMUTH ANGLE, <f>, IN DEGREES 

Fig. 8-9. Phase of cylinder space factor, a; * 1.0, 1.6, 2, 3, 6, 10, 16, 21, 
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radiation pattern is omnidirectional, with phase 90° relative to Vo 
The cylinder space factor M{x, 4 ,) contains all the information pertinent to the 

t^rS V • ® ® “y diameter. The relativ! ampu! 

ha sin 9 ^hl!t*l° ^ radiation diagram in Fig. 8-7a to e as a function of 4 , w!th 

graX “ parameter.^ * taies on values between 0.1 and 21 in these 

The phase of M is a, which is given by 

a{x,4>) - a(3:,0) - 67.3°a:(l - cos 0 ) + A(s, 0 ) for 0 < 90° (8-7a) 

a(a!,0) = a(a:,0) - a:(67.3° + 0 - 90°) + A(a:, 0 ) 90° < 0 < 180° (8-76) 

^ I “ “ plotted directly in Fig. 8-8 for a: - 0.1 

®'“d 0 - 8 . Note that this is the phase 
y of the radiation pattern relative to Fo for 

/ 8-9 is a family of graphs 

^ ® as a parameter between 1.0 and 

C i curves are displaced to avoid 

^ uf .r I overlap. 




8.6. ANNULAR SLOT 


Radiation Characteristics. The radia- 
. characteristics of an annular slot (cut 

ground screen) are identical 
_ f ^ those of a complementary wire loop 
PLANE OF SLOT^I ~ magnetic fields inter- 

RADIATION DIAGRAM ohtoged. In the case of the small slot the 

(b) radiation diagram is close to that of a 

Fig. 8-10. Annular slot: (a) Coordinate electric stub in the ground screen, 

systeni. (6) Vertical-plane pattern for Consider a thin annular slot, as shown 
small-diameter slot. in Fig. 8-10. The polar axis of a spherical 

pi.no of the slot tVi. n,.»n.*- coordinate system being normal to the 

P ne slot, the magnetic component of the radiated field is 


where a = radius of slot 

V « voltage across slot 

k = 2ir/\ 


jyr a Vc f 2t 

* “ i20TXr Jo “ 0')ert<>Bio «... (*-♦') 
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For small values of a, that is, o < \/2r, 

= j ■“gojT X» ^ amp/meter (8-9) 

where A — xa* is the included area of the annular slot. Equation (8-9) is valid for 
small slots of arbitrary shape. 

The integral in Eq. (8-8) can be evaluated exactly as^^*^® 

aV’g-yjbr 

^' 60 r 


where J i is the Bessel function of the first kind and the first order. Figure 8-1 la and b 
illustrates the vertical-plane patterns through the polar axis for values of A;a ** 1, 2, 
3.83, 5. It will be noted that a null in the plane of the slot results for ka « 3.83, the 
zero of the Bessel function h. 


The radiation characteristics on a large 
but finite ground screen are closely approxi¬ 
mated by Eqs. (8-9) and (8-10). There are 
slight perturbations because of edge effects 
which result in energy radiated into the 
shadow region plus modulation of the main 
radiation pattern. For small-diameter an¬ 
nular slots, the effect on the radiation pattern 
is essentially the same as discussed in Sec. 

3.7. 

8.7. NOTCH ANTENNA 

The notch, or open-ended slot antenna 
shown in Fig. 8-12, has been described by 
Caryl® a^nd Johnson.i® It is a broadband 
radiator which is often used to excite the 
empennage of aircraft as radiators. For 
example, the leading edge of a wing or rudder 
can be used. The theoretical field patterns 
of a notch in a semi-infinite screen i® are 
plotted in Figs. 8-13 and 8-14 in the xz plane 



Fig. 8-12. Open-onded slot antenna 
(notch antenna). {Ee lies in plane 
through X axis; lies in plane per¬ 
pendicular to X axis.) 
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of the screen and the plane normal to the screen {yz plane), resnectivelv T>,b ,, 



Fig. 8-14. Radiation pattern in yz plane for notch antonna. 



screen and a^^sIL^^afscre^tflT^^^ 

8.8. IMPEDANCE OF SINGLE SLOT IN FLAT METAL SHEET 

both sides, can be°ib^eVdheotly from^the™***^'^^d^'^^*’ ™‘**‘‘*® 

y m the impedance of the complementary wire 



IMPEDANCE OF SINGLE SLOT IN PLAT METAL SHEET 8-11 
antenna using Babinet’s principle.^ Equation (8-11) gives this relation: 

„ „ 1 , (1207r)2 

ZtlipolaZnlot ^ ^7*-J- (8-11) 

For the specific case of a thin half-wave dipole, we obtain 

Ziioi = 363 + j210 (8-12) 

Figure 8-16 shows the measured impedance of a parallel wire-feed rectangular slot 
with spacing between the feed lines equal to 0.08X. Available data with 0.15X spacing 
indicate that the fixed feed separation introduces only a small error. Resonance 



Fig. 18-16, Impedance of thin rectangular slot. 


occurs at the frequency for which the slot length is within 2 per cent of a half wave¬ 
length. Measured results show that the resonant frequency is independent of the 
slot width, for width-to-length ratios as large as 1:5. It is significant that this 
resonance phenomenon does not compare exactly with the results of Booker’s exten¬ 
sion of Babinet’s principle. It is further seen from Fig. 8-16 that the resistance 
measured with the parallel feed line is fairly close to that obtained from complementary 
wire antenna impedance [Eq. (8-12)]. Equation (8-11) can be used to obtain the 
admittance of a short slot antenna in a fiat metal sheet and, in particular, the radiation 
conductance. The radiation resistance of a short complementary wire dipole with no 
end loading is given as (Sec. 2.6) 

Rd — 207r* 

where t is the total length of the short dipole. 


(8-13) 
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It follows that the radiation conductance of the short slot is given by 


180 (x) (8-14) 

The r^tance of the center-fed resonant slot antenna is a high impedance (363 
° impedance of a coaxial feeder is approximately 50 ohms, 

M that the bandwidth of a coaxial-fed rectangular slot is limited by the impedance 




Fig. 8 - 17 . 
resistance. 


FOLDED SLOT 
(b) 

Methods for lowering slot 


TM FEED 
REACTANCE 

o--nnnnr 


SLOT 

SUSCEPTANCE 



SLOT 

CONDUCTANCE 


TE 

SUSCEPTANCE 
equivalent CIRCUIT 
(b) 

Fig. 8 - 18 . Cavity-backed rectangular slot. 


It is posable to transform the slot impedance by feeding the slot at some noint off 
center as shown in Fig. 8-17a. The voltage distribution"lU^ng ^ ^oxt 

asymmetrical ^pole (Sec. SiJ'the'^sltrMTownTn^^ 

method for reducing the slot impedance. The impedance of the complomentarv 

^4 t^r^T impedance of the slot is reduced by a factor 

of 4 to a value of approximately 100 ohms. ^ 

8.9. CAVITY-BACKED RECTANGULAR SLOT 

sinu^ilT? retL^'r rectangular slot (Fig. g-lga) is not necessarily 

be t^S T complementary wire antenna. The boxed slot antenna can 

^ikteSit^f theriof which is energised by some transducer and free to 

relative oxchatLn of The fie d distribution in the slot therefore is dependent on the 
relative excitation of the pnncipal and higher^irder cavity modes. The equivalent 
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circuit of a cavity antenna is shown schematically in Fig. 8-18&. The shunt con¬ 
ductance is the radiation conductance of the slot for the given distribution. In the 
case of the resonant half-wave slot, the conductance is halved by the presence of the 
cavity since the slot radiates only into half space so that the shunt resistance is 
approximately 800 ohms. The parallel susceptance is a sum of the shunt susceptance 
of the slot and the TE mode susceptance of the cavity. The series-resonant circuit is 
the result of the energy stored in the TM modes in the cavity and feed structure. 
Alternatively, the energy stored in the shunt circuit and the energy stored in the 
series circuit correspond to the stored energy in the TE and TM modes, respectively. 

In order to obtain a radiation conductance which is commensurate with the dimen¬ 
sions of the slot, a uniform, or at least sinusoidal, distribution of magnetic current 
must be obtained. This will be the case when the energy stored in the cavity in the 
vicinity of the slot is primarily in the principal TE mode. It can be achieved by 
making the cavity dimensions sufficiently large so that the dominant mode is above 
cutoff, or in the case of the small cavity by means of a distributed edge loading such 
as a highly capacitive slot. An important design parameter is the antenna Q, the 
ratio of the dominant-mode stored energy per cycle to the radiated power. The Q 
will be a minimum when the stored energy is in the dominant mode only. The Q 
limits the inverse VSWR bandwidth product and for a small cavity is 

7 ( 8 - 16 ) 

where V is the volume of the cavity expressed in cubic wavelengths. This Q is 
obtained only if the series reactance shown in Fig. 8-186 is substantially eliminated 
by proper feed and cavity design. In the case of the capacitive slot-loaded cavity 
similar to the one shown in Fig. 8-18a, a simple transverse mode does not exist in the 
cavity. In general, it is extremely difficult to predict accurately the admittance of a 
cavity antenna. 




ANT. I 

ANT. H 

a 

0.62X 

0.65X 
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0.20X 

0.I4X 

w 

0.20X 

0.I8X 

X 

0.073X 

0.070X 

0 

0.073X 

0.055 X 

L 

O.lOX 

0.07 X 


ANTENNA PARAMETERS 
(a) 



% 

VSWR PERFORMANCE 
(b) 

Fig. 8-19. T-fed slot antenna. 



8-14 


SLOT ANTENNAS 


anS”^f rt®’’ obtained by measuring the input imped- 

^ce of a \raveguide-fed slot antenna and then designing a suitable waveguide to 

Kg technique utilizes a T-bar transition** as shown in 

ig. ^19a, which gives the dimensions for two such designs The imoedance 
which can be obtained with this technique is shown in 8-196 

8.10. ADMITTANCE OF ANNULAR SLOT 

resSte “d lowest Q, 

Its when the magnetic-current distribution is uniform around the slot. oS 



ro 



kg 

SUSCEPTANCE OF ANNULAR SLOT 


Fig. 8-20. Admittance of coaxial-fed annular slot in infinite ground plane. 


Hnt «u,?wwri transmission- 

Figurl Srini / . ® r“® 1.''“®'' t''® structure. 

J ^ ® conductance and susceptance in the plane 

^ 2: SdiXth i: ^f T of the feed" line as a funS" 

nonrosonaranXat “®'' '*• “‘o ®lo* “ '‘t «dl ti^^ss 

iiorircsonant and has a capacitive susceptance. 

One rather wccessful design of a cavity-backed annular slot antenna has been 
developed by Dome.** Some of the details of this design are discussed in Chap 27. 
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8.11. NOTCH-ANTENNA IMPEDANCE" 

The radiation reuistancc of a notch antenna at the top of the notch is 

* ” 3[C(W) - cot kfS(.k{)]* 

where 17 = 377 ohms 

C and S = even and odd Fresnel integrals, respectively 

The reactance appearing in shunt across the mouth of the notch is given by 

X = jZi tan M (8-17) 

where Z/, the characteristic impedance of the notch transmission line, is given by 

log,- 1 

w 

4 is the length of the notch, and w its width. Figure 8-21 is a plot of the radiation 
resistance as a function of 4/\, 



Fia. 8-21. Radiation resistance of notoh antenna referred to top of notch. 
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9.1. INTRODUCTION 

The use of linear arrays as line sources to provide shaped broadside beams or end- 
fire beams has been treated in considerable detail in previous chapterSi and the 
reader’s familiarity with the material is assumed in the following sections of this 
chapter. The topics of interest covered in the foregoing material are (1) arrays of 
linear elements (Chaps. 2 and 5), (2) pattern synthesis techniques (Chap. 2), (3) 
pattern analysis (Chap. 2), and (4) slot antennas (Chap. 8). 

The use of lino-source radiators has been greatly extended with the expanded use of 
microwave frequencies. Line sources have been used as (1) primary foods to illumi¬ 
nate large cylindrical reflectors, (2) vertically disposed radiators to obtain omni¬ 
directional patterns in the azimuthal plane for beacon requirements, (3) flush-mounted, 
end-fire radiators for high-speed air-borne applications, and (4) flush-mounted, two- 
dimensional arrays to obtain shaped-broadside or near-broadside patterns for air¬ 
borne use. These are but a few of the many applications that have been made of line- 
source arrays. 

The material presented in this chapter is primarily concerned with the design of 
line-source arrays for use at microwave frequencies, wherein slots cut in the walls of a 
rectangular waveguide are used as individual radiating elements to form the array. 

If the slots are very closely spaced so that mutual-coupling effects dominate the 
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design problem, it is sometimes advantageous to discard the idea of an array of 
individually excited elements and use instead the notion of a traveling or surface wave 
along a periodic interface. This type of slot array is treated in Chap. 16 on Surface- 
wave Antennas. 


9.2, WAVEGUIDE-FED SLOT RADIATOR 

A cylindrical waveguide in which a single mode is propagated may be represented 
by an equivalent two-wire transmission Une whose phase velocity and characteristic 
impedance can be specified as a function of frequency and waveguide dimension. 

The surface current flow along the inner walls of the waveguide that is associated 
with the propagation of the TEio mode in rectangular waveguide is shown in Pig. 9-1. 



The surface current J at the inner surface of the waveguide is given by the 

where ^ = inner surface normal 
J ™ surface current 
ff “ magnetic field at surface 

The distribution of electric and magnetic field within the radiating thin half-wave slot 
has been discusrod in Chap. 8, and it is evident from an examination of the fields in 
the slot that a slot cut mto a wall of a waveguide will perturb the current distribution 
and couple energy out of the waveguide, if it is so aligned that a transverse component 
of surface current flow exists across it. When the slot is cut into the waveguide as 
shown in Fig. 9-2, it interrupts the flow of transverse current and couples energy from 
the waveguide mode to free space. Examples of nonradiating slots cut in rectangular 
wiwoguido, i.e., aligned parallel to the surface current vector, are shown in Fig. 0-3. 

10 magnitude of the coupling of the slot to the waveguide mode is a function of 
the component of tlic slot length perpendicular to the current lines, current density 
at the center of the slot, slot dimensions, waveguide transverse dimensions, waveguide 
wall thickness and frequency. The equivalent representation and impedance char- 
nctenstioH of the slot radiators are presented in the following sections. 

impedance of a waveguide cannot bo uniquely spooiBed and may 
be specified by any one of a number of definitions. ^ 
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Fig. 9-2. Radiating slots out in the walls of a rectangular waveguide. 



Fig. 9-3. Nonradiating slots cut in the walls of a rectangular waveguide. 


9.8. SLOT IMPEDANCE CHARACTERISTICS AND EQUIVALENT 
REPRESENTATION 

The current flow lines interrupted by slots at several different locations are shown in 
Fig. 9-2. Slots Cj hj i, and j are coupled to the transverse current flow only and may be 
represented as simple two-terminal shunt elements. Slot d is coupled to the longi¬ 
tudinal and transverse currents. However, the transverse currents are in opposite 
directions on either side of the centerline, and their net contribution is zero. Slot d 
may then be represented as a simple two-terminal series element. Slot a is coupled to 
both transverse and longitudinal currents and cannot be represented by a simple 
series or shunt network. Slots e and / couple only to the longitudinal currents and 
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are represented as simple two-terminal series elements, 
of some of the slots is shown in Fig. 9-4. 


The equivalent representation 



Pig. 9-4. Equivalent-network representations of slot radiators. 


resistance and conductance for the various slots have been 
Steyenson> when the slots are at the first resonance, i.e., when the 
re^ttoce or susceptance is zero. Stevenson’s results give: 

1. Conductance of the longitudinal shunt slot in the broad face (slot c in Pig 9-4)- 


- • o «* 

g — Qi sin^ — 

a 


(9-1) 

(9-2) 


where X =. free-space wavelength 

X, = guide wavelength for the TE,o mode 
2. Besistance of a centered inclined series slot on the broad 


face (slot d of Pig. 9-4): 


{(«) \ ^ cos (v|/ 2 ) ^ cos (iri7/2) 

J(i)] 1 — {’ * 1 — !?• 

U .. -r X . 


3. Conductance of the short slot on the narrow face (slot i of Pig. 9-4): 


73ir 



(9-3) 

(9-4) 

(9-5) 


9 


(9-6) 
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4. Resistance of the transverse displaced series slot on the broad face (slot f of 
Fig. 9-4): 

r = rQ cos ~ (9-7) 

a 

These results were derived by the use of several ELssumptions, among which are 
those of (1) perfectly conducting, infinitely thin waveguide walls and (2) no radiation 
oil the half space behind the plane containing the slotted waveguide wall. The 
assumptions are not realized in a physical waveguide, and hence the measured values 
of g and r depart slightly from the calculated values. In practice, the measured data 
are used for design purposes and the theoretical results are used primarily to provide 
a basis for scaling data to frequency regions and/or to waveguide sizes where measured 
data are not available. 

9.4. EXPERIMENTAL DATA ON WAVEGUIDE-FED SLOT RADUTORS 

Longitudinal Shunt Slots. Extensive experimental studies of the impedance 
characteristics of a waveguide-fed slot radiator have been performed since 1943, and 
the data primarily used for design are given in Figs. 9-5 to 9-16. 

The conductance and susceptance of a displaced longitudinal shunt slot are shown 
in Fig. 9-6, and agreement with the theoretical results is quite good. 
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RATIO OF SLOT LENGTH TO RESONANT LENGTH 
Fig. 9-6. Admittance of a longitudinal shunt slot as a function of frequency:/ 
slot width « 0.0626 in. RG62/U waveguide. 


: 9,376 Me, 


The variation of the slot admittance with frequency is shown in Fig. 9-6 for several 
values of slot width as measured in a larger waveguide in the 3,000-Mc region. It is 
seen that an increase in the width of the slot increases the usable bandwidth of the 
slot. The increase in slot bandwidth thus obtained is analogous to the increase in 
bandwidth of an electric dipole that is achieved by an increase in the dipole width.® 
It will be pointed out in a later portion of this chapter that it is usually not feasible to 
obtain bandwidth by increase of slot width when the array is more than several wave¬ 
lengths in extent. 
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Fio. 9-6. Shunt-slot admittance characteristics: RG48/U waveguide. 
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0.590 0.600 0.610 0.620 0.630 0640 0650 0.660 0.670 0.680 
RESONANT LENGTH, INCH 

Ftq. 9-8. Shunt-slot resonant length as a function of frequency (points are measured; curve 
is semiempirical): Slot width * 0.0625 in., slot displacement x =» 0.2040 in. RG62/U 
waveguide. 



SLOT DISPLACEMENT FROM 
WAVEGUIDE CENTERLINE,X, INCH 

Fig. 9-9. Resonant conductance of longitudinal shunt slot as a function of slot displacement 
(points are measured; curve is semiempirical): f =* 9,375 Me, slot width >= 0.0625 in. 
RG52/U waveguide. 
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Slot k T ^ the conductance at resonance of a longitudinal shunt 

dot IS a fmction of frequency and waveguide transverse dimensions. The con¬ 
ductance obtoable from a resonant slot falls off quite rapidly with an increase in 
frequency. The variation of conductance with frequency for a resonant lonvitmlin.i 
do. «« fa uToZ fa 

It may prove difficult in the design of a short linear array, which contains!' amlli 
number of high-conductance slots, to obtain the specified conductaI?3ues S 

waveguide is operated at the high end 
of its specified frequency range. 

It is a simple matter to extend the data 
for a slot from one frequency where data 
are available to a new frequency where 
data are unavailable. The resonant con¬ 
ductance Q is determined from Fig. 9-i0, 
which is plotted for one specific value of 
displacement, 0.1833 in. Then 



G = A sin* 


trx 


(9-9j 


8800^200 ggoo IC^OOO ,0^0,800 
RESONANT FREQUENCY,’ 
mc/s 

Fig. 0 - 10 . Resonant conductance of longi¬ 
tudinal shunt slot as a function of fre¬ 
quency: Slot width - 0.0626 in., slot 
displacement x « 0.1833 in. RG62/U 
wavegidde. 


where x =* displacement of slot. 

The equation thus determines the con¬ 
stant of proportionality which relates reso¬ 
nant conductance to displacement for the 
new frequency in waveguides of the same 
a/h ratio. The resonant slot length is then 
determined from Figs. 9-8 and 9-9. When 
the new guide has an a/h ratio different 
from that of the waveguide of Fig. 9-8, the 
constant A of Eq. (9-9) is multiplied by 
the old h/a ratio times the new a/h ratio. 


Tf ia 1 tne new a/h ratio. 

^from exammation of Pigs. 9-1 and 9-2 that the phase of the radiated 

centerline of the waveguide^ 

Se btTeW the guide can be made to radS in 

phwe by bemg placed on opposite sides of the centerline. 

conductance of a longitudinal shunt slot as a function of frequency 
measured by several investigators, notably Watson,' Cullen,* and Stegen^ 

tially equivalent-array performance is obtained when the array is desiened utilising 

Zir particularly true inX Ct wS 

small conduews, i.e., smaU displacements, axe used and dimensionlT tolImZ 
introduce random variations which tend to smooth out smaU performance differences 

--- -ts ofX SZ 

date Lvp iianH ^eat majority of hnear, waveguide-fed slot arrays designed to 
date have used either longitudinal shunt slots on the broad face or shunt slots on the 

*he former somewhat outnumber designs using the latter 
Edp slots are used when a polarization paraUel to the long axis of the waveLidHs 
desired. Longitudinal slots are used to provide a polarization porpendicularto the 

Ota, "‘it;"'- ““ I” 

Z ™ ^ 1 ® “• hy fabrication difficulties, number of slots in 

the array, cross-polarization requirements, off-axis lobes, etc. 

The conductance of an edge slot may be expressed as 
O ^ Gq sin* B 


S < 15' 


(9-10) 
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Since the narrow dimension of the waveguide is substantially less than a half free- 
space wavelength, the slot is wrapped around the broadsides to obtain the required 
length for resonance. The small-angle, that is, 6 < 15°, edge slot is shown in Fig. 9-11. 

The series component added to the equivalent-network representation of the slot 
by the presence of the portions of the slot on the top and bottom faces is usually 



Fiq. 9-11. Edge slot in rectangular waveguide (all dimensions are in inches): RG62/U 
waveguide. 



INCLINATION OF SLOT, B, DEGREES 

Fig. 9-12. Incremental and single-slot conductances (unmarked dimensions of waveguide 
section are in inches) : / ■■ 9,376 Me. RG62/U waveguide. 

neglected in design. The phase of the radiated field of the slot may be changed 180° 
by inclination on the other side of the vertical centerline. Two slots one-half guide 
wavelength apart in the guide can be made to radiate in phase by being inclined on 
opposite sides of the vertical centerline. 

The edge slots in a long array, that is, 6 < 15°, are aligned nearly parallel to one 
another, and strong mutual coupling exists between the slots. Hence the conductance 
value for a single edge slot differs markedly from that of an edge slot in the presence 
of neighboring edge slots. Since the edge-slot array has many slots, the value of slot 
conductance used in design must take mutual-coupling effects into account. Steven¬ 
son® has defin.ed an incremental conductance, i.e., the increase in the conductance of a 
group of resonant, half-wave-spaced, parallel edge slots when another slot is added to 
the group, as the value for use in array design. The single-slot data and incremental- 
conductance data are shown in Fig. 9-12. It is evident upon consideration that the 
incremental-conductance data are valid, in a design sense, only for slots well removed 
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from the ends of the array. The conductance of the slots near the ends of the array 
between that of the single slot and that of the incremental slot. In I 
long array, errors introduced by the uncertainty as to the exact values of the end-slot 
conductances aie negligible. In a short array, serious error is introduced. A cut-and- 
try procedure 18 rwommended for a short array when performance is to be optimal 
Rektivety httle data are available for the design of edge-slot arrays, and considerable 
^ of scahng techniques must be employed. The conductance curves are closS 
approximated by Eq. (9-10). The variation of resonant length with frequency is 

Ke^de^llTf “ neglected. The slot admittance is insensitive to variation 

m the depth of cut. Hence, if the mcremental conductance is obtained by experi¬ 
ment for one value of fl at the specified frequency for a particular waveguidJ a sin» 6 
d^LT^ ^ the point to obtain a reasonably accurate design curve of con- 

duetMce vs. angle of inchnation. This scaling technique has been employed with 
considerable sucmss m design in the past. The overall edge-slot length LludinS 
the iwrton on the broad faces, is adjusted to be approximately one-half’free^paoe 
wavdength to obtm the resonant length. The variation of slot admittance with 
depth of cut mto the broad faces is shown in Fig. 9-13. 
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p^cipal difficulties encountered in the use of edee slots in arrava 
crosl! Of accurate slot data for slots near the end of the array and ( 2 ) excessive 
cros^polanzation components. The first difficulty has been discussed previously 
and the second is treated in Sec. 9 . 7 . u«ji,u 88 ea previously, 

veS't the^'l^mt polarisation is essentiaUy trans¬ 

verse to the lon^tudinal axis of the waveguide. However, the slot also radiates a 

component polarized parallel to the long axis of the waveguide. The cross-polariza- 

effor^rnp usually an undesirable feature of the array, and a substantial design 
effort 18 necess^ to completely remove the unwanted component. 

anSLroTv?n ii"S qTf slots for three different 

ngles are given in Pig. 9-14. The agreement with the theoretical values is quite good 
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The phase of the radiated field can be changed 180° by rotation of the slot across 
the longitudinal axis of the waveguide. Two slots one-half guide wavelength apart 
along the waveguide may be made to radiate in phase by being rotated in opposite 
senses across the longitudinal axis of the waveguide. 
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Fig. 9-14. Resonant length and normalized resistance as a function of frequency for seriea- 
inclinod slot on centerline of waveguide. RG62/U waveguide. 


9.6. DESIGN OF WAVEGTHDE SLOT ARRAY 

The array design requirements are usually specified in terms of desired beamwidth, 
side-lobe levels, gain, polarization, cross-polarization levels, power-handling capability, 
input VSWR, size and weight, and not infrequently, allowable aerodynamic configura¬ 
tion. The design problem consists of (1) determination of the excitation coefficients 
of the individual slots to achieve the required performance and (2) determination of 
the slot dimensions and spacings or angles of inclination to achieve the required 
excitation coefficients and input VSWR. The first problem has been treated in 
Chap. 2, and more detailed treatments are listed in the bibliography.*”^* The 
problem of concern here is to specify slot dimensions, etc., when the excitation coeffi¬ 
cients have been determined. 

The design techniques herein presented are basically as developed by Stegen.” 
The array design is predicated upon the assumption of negligible external mutual 
coupling between the slot radiators forming the array. This assumption is valid for 
longitudinal shunt slots on the broad face of the waveguide^^ and series slots on the 
broad face of the waveguide when the angle of inclination is small; that is, 6 < 15°. 
It is valid in a special sense for edge shunt slots in that the use of the incremental- 
conductance data has perforce taken mutual coupling into account. 

An array of longitudinal shunt slots on the broad face of a rectangular waveguide 
is represented by a two-wire line and shunt loads as shown in Fig. 9-15. The 1 % are 
the normalized admittances of the various elements. Yi^ and Yi~ are the normalized 
admittances looking toward the load end of the array, on the right and left sides of 
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Fio. 9-16. Equivalent-network representation of a shunt slot array, 


ith element, respectively. Pi is the power radiated by the tth element, 
the mterelement spacing, a constant along the array in most designs. Then 


and i 


Vn-, 

Vi 


' Yn(oosh y{ -(- Yn~ sinh yt) 

Vn-i(2 cosh y^ + K,_, sinh yt) - 7» 
Vi+i (2 cosh yt -t- sinh yt) - F<+s 


where 7 - « +j 0 , the complex propagation constant of the unloaded line 
conductance required at the fth element is 


(9-11) 

(9-12) 

(9-13) 

The 


whore 


Gi 



(9-14) 


Pt^ = P<+i -f- 
Yi* = Oi+ + jBi+ = 

Yr - F, - F<+ 


2|r<+i|* sin 2 at~\ 

~ 1 - iri+il* J 

, Yj-i-C cosh yt H- sinh yt 
cosh yt -|- F<+i“sinh yt 


(9-16) 

(9-16) 

(9-17) 


7- reflection coefiicient at the ith element. 

shunt slot to the total field across the 
waveguide has been found to be tuo 


Ea ^ 3 AY 

Et cos (tyx/q) 


(9-18) 


where A — positive real constant 
Y = slot admittance 

is choLn^to^e To T ^ array, Yl, the waveguide termination, 

IS chosen to be 1.0. In a short array or a narrow-band array, Y,. is usually 0 that is 
a short circuit spaced one-quarter wavelength from F„. y > > 

The phase of the slot admittance 0 is given by 


= tan 


(9-19) 


« ^‘‘Isulated using Eqs. 

coefficient The^,!.!!’ radiation specified by the excitation 

■ J'® i i are then computed in a similar manner. The expres¬ 

sions are much simplified when a lossless waveguide is assumed. The gimnlififfi 
equations yield good design data when the array is not too long When the wave- 
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Previous design experience has indicated that it is desirable to use resonant slots 
and to avoid beam-shaping techniques where the phase of the nonresonant slot is 
changed from slot to slot in order to obtain a specific beam shape. It is customary 
to utilize a constant phase difference between consecutive slots in the design of arrays. 

A somewhat unfortunate confusion* has arisen in the use of the terms “resonant 
array” and “nonresonant array.” The term resonant array is used to describe an 
array whose elements are spaced one-half guide wavelength apart, and the term non¬ 
resonant array is used to describe an array whose elements are spaced slightly greater 
or smaller than a half guide wavelength apart. The design of a nonresonant array 
will be considered first. 

A nonresonant spacing is used to achieve a large bandwidth for the array, both for 
the radiation pattern and input VSWR. Since there is a constant phase difference 
between elements, resulting in a progressive phase shift along the array, the phase 
front is inclined at an angle B* to the normal to the waveguide where 0' is given by 
the relation 



where = guide wavelength 

t « interelement spacing 

As the frequency is increased, the beam moves in angle toward the load end. Hence 
the beam peak position is frequency-dependent. As the frequency is reduced to a 
point where the beam peak is very close to the broadside position; that is, B* » 0, 
an increase in VSWR, will result. The nonresonant array achieves its large impedance 
bandwidth by virtue of the phase differences between the reflections from the various 
slots. The phase differences which arise from the nonresonant spacing cause the 
resultant sum of all the reflected waves to be quite small; that is, the input VSWR 
is near unity. The termination must be a matched load and will absorb a fraction of 
the input power. The amount of power absorbed in the load is a function of the band¬ 
width, realizable slot conductance, etc. It is usually chosen to be about 5 to 10 per 
cent of the input power at mid-band. The design of a nonresonant spaced array 
using resonant slots is presented in the following: 

1 . Yl is chosen to be 1.0 by use of a matched load. 

2. Yn is chosen to be less than 0.1. 

3. Then Yn" = Y„ + 1.0. 

4. Yn-\^ is calculated from Eq. (9-16). 

5. Gn-y is calculated from Eqs. (9-14) and (9-15) where the Pi are specified by the 
squares of the excitation coefficients. 

6. The remainder of the ft are calculated in a similar manner. 

It may develop during the course of the calculation that the computed conductances 
for the slot in the middle of the array are too large to be achieved. If such is the 
case, more power must be dissipated in the load, that is, Yn made smaller and the ft 
recomputed. A design criterion is given by 

Gmax* CSC* < 0.2 (9-21) 

where Gmax is the largest slot conductance in the array jS = 2ir/X,; and t is the element 
spacing. If series slots are used, currents replace voltage and impedances replace 
admittances. 

* This confusion has arisen because resonant slot elements are used in both types of 
array. Actually, the resonant array derives its name from the similarity of its input 
impedance behavior to that of a resonant circuit in the vicinity of frequencies where the 
slot spacing is exactly a half wavelength. 
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A resonant spaced array may be regarded as a special case of a nonresonant spaced 
array. The resonant array has a very small bandwidth of the order of ±60%/» 
where n equals the number of slot radiators in the array. In an n-element array’ 
where the slots are spaced one-half guide wavelength apart, with adjacent elements 
on opposite sides of the longitudinal axis so as to radiate in phase, Eq. (9-13) simplifies 



Vi ^ Vn^l + 2^ 8 

(9-22) 

8-1 

If attenuation is neglected, 


Then 

Vi = Vn 

Pi - \Vi[>Oi 

n 

(9-23) 

and 

Pi ^ G„ 

(7, = < 7 , 51 = 

(9-24) 


The input admittance Yia is 


I 

n 


(9-25) 


^e procedure used for the design of a resonant spaced array is as follows- 
1. Choose the desired value of input admittance when the termination load is an 
open circuit. Usually Fin is chosen to be 1.0, or 


n 

2 . 




1.0 


n 




3. Determine ft from Eq. (9-24). 

If series slots are used, the resistance of each slot is dcterinincd in an identical 

IxlaZlIlQr* 


9.6. LONGITUDINAL-SHUNT-SLOT ARRAY DESIGN 

The basic tMhnique for the determination of the individual slot conductances has 

determi^T i IT the Operating frequency has been 

an? •’“‘dwidth requmements have been specified, the slot resonant length 

TV. ^ obtained from the curves presented in Figs. 9-5 to 9-9. 

complete. However, the design problem has been 
presented m a smphfied manner and some of the complications that may exist in an 
actual shunt-slot array design will now be treated. 

difficulties in the design of a shunt-slot array is that the designer may 
oSnin^h”""^^ cide-Iobe level in the principal planes of the antenna without 
obtaining the required side-lobe level over the fuU hemisphere. It has been experi¬ 
mentally and thwretically determined*'-^ that side lobes exist off the principal pliies, 
approximately at the 46 angles, which usually are considerably larger than the side 

St th«f or “squint,” side lobes arise from the 

fact that the shunt slots are not in one straight line but are staggered on either side 
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of the longitudinal centerline of the waveguide. Thus a region exists wherein these 
contributions add in phase off the principal axes of the pattern to form large secondary 
lobes. It is possible to define a new exit aperture for the longitudinal-shunt-slot 
array by fitting a long J5-plane horn to the array, i.e., providing a pair of flared sheets, 
one on either side of the waveguide. In the new aperture thus delineated by the exit 
face of the horn, the distribution is essentially uniform in the transverse direction 
and the largest side lobes will be encountered in the principal planes. However, the 
use of a horn or parallel-plate media to achieve the new exit aperture will modify the 
conductance values obtained from the slots as compared with the values obtained 
when the horn plates are absent. Thus the slot conductances must be measured for 
slots, for several different values of displacement over the operating frequency band, 
in the presence of the horn plates, to obtain data from which design curves can be 
scaled with a reasonable degree of accuracy. Further complications arise from the 
use of the parallel-plate media in that the mutual coupling between the individual 
slots is markedly increased by the presence of the plates, and conductance values are 
again altered. These phenomena do not produce severe pattern deterioration in 
the long array, but do alter the performance in a short array. 

It has been noted in the measurements of the radiation pattern of a single slot on a 
waveguide that the peak of the radiation pattern of a single slot is shifted off the 
normal as the slot is displaced with respect to the longitudinal axis of the waveguide. 
Hence the contributions of the large conductance slots, i.e., large displacement slots, 
to the radiation pattern of the total array are not quite in agreement with what is 
to be anticipated in theoretical calculations since the peak of their radiation is not 
directed in the principal plane but is slightly skewed in angle. 

A further factor which causes additional discrepancy between measured and cal¬ 
culated results is the change in slot conductance arising from the departure of the slot 
dimensions from the theoretical dimensions.^® The variation in slot dimensions 
from the computed values arises from the requirements for manufacturing tolerances 
on all dimensions. The variation of performance as a function of manufacturing 
tolerances has received considerable theoretical treatment and experimental verifica¬ 
tion in the last few years,and good agreement is obtained between theoretical 
calculations and measured results as to the deterioration in array performance (see 
also Sec. 2.12). 

The foregoing comments relative to the deterioration of measured pattern per¬ 
formance as compared with the calculated values have been given to forcibly impress 
upon the designer the necessity for an overdesign of the array in order to achieve 
specified levels. The problem may be restated in a more succinct form. Relatively 
little overdesign is required to obtain the calculated half-power beamwidth value, 
but the smaller the side-lobe level that is required, the greater the overdesign that 
must be allowed in the array distribution to achieve the specified value of side-lobe 
level. An example will serve to illustrate the point. If, for the moment, the effect 
of manufacturing tolerances alone is considered and the performance of a 24-element 
array is examined, it is found that an array designed for 20-db side-lobe level has a 
very high probability that one side lobe will be approximately —18^ db. An array 
designed for — 30-db side-lobe level will display a — 26-db side lobe, and an array 
designed for a — 40-db side lobe will have a high probability of side lobes of the order 
of —32 db. The overdesign requirement incroascs in magnitude as the side-lobe 
level requirement is increased, and the second-order effects that can be safely neglected 
in the design of a —20-db side-lobe-level array are factors of paramount interest 
in the design of a —30-db side-lobe array. 

A further difficulty that arises in the use of longitudinal shunt slots in a waveguide 
slot array is found in the design of a very long array, i.e., one which contains many 
slots, the bulk of which have relatively small conductances. It is not simple to 
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fabricate slots whose width is much smaUer than Hs in. by the use of conventional 
techniques, and fabncataon costs play an important role in the design problem In a 
conductances are small, the displacement of the centerline 
that longitudinal centerline of the waveguide is so small 

iriiidp^^ 5“*® actuaUy overlaps the centerline of the wave- 

of the wew which feed the slot are out of phase with respect to the centerline 

of the waveguide, and it has been experimentally determined that the phase and 
n uctance of the slot undergo radical changes as one edge of the slot moves across 
t^ waveguide centerline. It is far better in the design of a long slot arr^to icept 
deviations m conductance values which will result in not having the slote cross tL 

un'deTm specified values and have the actual values 

under^ marked change as a consequence of the slot overlapping the ccntorlbnf 

ttns considerations, as well as fab^ation considera- 

diffinnlH - ^ effect to circumvent the 

difficulties ansing from the use of low-conductance elements. 

9.7, EDGE-SHUNT-SLOT ARRAY DESIGN 

poorer ZnT/ “ edge^hunt-slot array wiU also be found to be 

iworer t^ the calculated performance. The chief sources of the discrepancies are 

teriXlfiT” conductances of the slots near the input and 

^ the^ay and the variations in slot dimensions arising from manu- 

L iSl r«liates a field whose polarisation 

w parallel to the waveguide. In addition, it also radiates a fairly strona cross- 

*ias maxima at approximately ±45“ in the H plane of the 
requirements are such that the cross-Jolarization 
thJSr tTIh T techniques may be employed to achieve 

"“I*?® ^ parallel-plate media, as in the longi- 

!nt th^d^-d ^ay. and to fit a polarizer grid across the exit aperture so that 

and chant?- « radiated. An increase in the input VSWR 

and change in the mutual couphng between the slots are produced by the reflected 

iTSoii" *“ ““ 

complicated design technique is to have each individual 
J° ^®®^ ® separate section of rectangular waveguide, which is aligned 

iSad n u? fkT^*® electric vcctor is 

£ shuntit ^ tl*® waveguide. The conductance of the 

dlfr f? * * w of course different under these conditions of coupling, and design 

slot coupling are presented in Mg 9-16. tC 
individual horns formed by the exit apLtures of the 
awMment 1?°^ individual waveguide stubs is negligible in design, and a much closer 

of this type orcS“eX“So " “"'®"®" *"® "®® 

9.8. SERIES-SLOT ARRAY 

arrav^'Stn??? ?®k® ‘^''® longitudinal shunt^lot 

arrn V W ^ ^J® mutuaJ-coupling difficulties of the edge-shunt-slot 

mn ‘^®®f ®“®®'‘ presence of cross-polarized components with 

XoT , “jPP^^^^tely ±45” in the H plane of the radiation pattern As in the 

cSn^““lt1f ? ?®*f “ suppressor causes severe performance 

change. It is possible to fit the array with an E-plane horn whose 5 dimension is 
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reduced to a point below cutoff for the unwanted polarization component. It is 
necessary to measure the resistance of the series slot in the presence of the specific 
horn to be used in order to obtain slot data adequate for design purposes. 



Fig. 9-10. Conductance and depth of cut as a function of frequency for edge slots. Shunt- 
series coupling between waveguides. Auxiliary guide terminated by Zo, Wall thickness 
0.050 in. RG62/U waveguide. 


9.9. POWER-HANDLING CAPABILITIES OF WAVEGUIDE-SLOT ARRAYS 

In many applications of waveguide-slot arrays, it is necessary that the array operate 
at high-power levels. The slot array can handle high power without undue difficulty 
at normal atmospheric pressures. In air-borne applications, it is not readily possible 
to obtain atmospheric pressure and the array must either be sealed by the use of 
individual covers over each slot or be wholly encapsulated in a pressurized housing. 
The construction and fabrication difficulties of the pressurized housing are severe, 
but its use is by far to be preferred. 

The use of a complete capsule with a window or radome for the entire array also 
introduces a reflected wave back into the array. There are several simple techniques 
to circumvent changes in VSWR arising from these reflections.** The simplest in a 
narrow bandwidth operation is to utilize the reflections from the pressurization 
window or radome to cancel the reflected wave in the waveguide when the window is 
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not present, and thus obtain a better input match. In broadband operation, it will 
be necessary to reduce the magnitude of the reflection from the window or rndome to a 
minimum and also to skew the array with respect to the window so that the reflected 
rays essentially amve at an angle corresponding to one of the side lobes of the antenna 
and hence are not readily traiiBmitted back down the feed waveguide. ' 

The impedance characteristics of a resonant slot are modified by the presence of 
die ectric material in the immediate vicinity of the slot. A dielectric cover immedi¬ 
ately on top of the slot or in the slot proper can shift the resonant frequency many 
per cent and greatly change the conductance values. A cover removed just a small 
fraction of an mch away from the slot produces a smaller perturbation. However 
considerable care must be taken to minimize the reflections from the individual cover 
or to utilize the reflections for matching purposes. The tolerance requirements on 
individual slot covers are severe, and the covers are costly to fabricate. Small vari¬ 
ations in position, thickness, etc., will cause large performance changes. The use of 
separate slot covers therefore requires a substantial amount of experimental effort to 
ensure correct spaemgs and to determine allowable dimensional tolerances 
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10.1. TYPES OF HORNS AND THEIR USES 


transition from a medium supporting a small number of propagating modes, such as 
a waveguide, to one supporting a large or infinite number of modes, such as free space. 
They represent another means of approximating the ideal wavefront needed for good 

10-1 





























10-2 


HORN ANTENNAS 


directivity, with the additional advantage of being able to accommodate an exception- 
aUy broad band of frequencies. Horns are constructed in a variety of shapes in order 
to control one or more of their three major electrical properties: gain, radiation pat¬ 
terns, and unpedanoe. In addition, the choice of a particular type of horn may be 
governed by its ability to transmit certain desired modes or polarizations. 

The racUation characteristics of horns having aperture dimensions greater t.bnn one 
wavelength ^y usuaUy be calculated by using Huygens’ principle, assuming the 
aperture field to be known.** The calculation becomes accurate enough for most 




(b) SECTORAL H-PLANE 




(e) BICONICAL 


Fig. 10-1. Commonly used horn typos. 


S'Perture size increases beyond one or two wavelengths. The radiated 
! directly related to the field over the horn aperture, which may usually be 

SronerSs^r ®*“tation. Wherever calcuteted 

to oueiTorTtf sections, the phase distribution over the aperture 

Dhre ^ parabolic, exp where m is the maximum 

diWtoutZ r “ ® normalized aperture variable. This type of phase 

Sir to V .r wavefront produced by the flare of the 

orn sides. In addition, the modes excited in these horns are usually such as to 

iTterrs^fT^ f a«°ws expression of the radiatiL properties 

tov?n w LSr Calculated radiation patterns and gain ounces are 

in oiiestion ia fir ?rj ^ phase deviation for the particular horn 

desired property^ ca cu a , and then reference to the appropriate curve gives the 


The more frequently used types of horns are illustrated in Fig. 10-1. 

The pyramidal horn of Fig. 10-1 a is commonly used as a primary gain standard, 
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since its gain can be calculated to within a tenth of a decibel if it is accurately con- 
structed.” This type of horn can also be used to obtain specified beamwidths inde¬ 
pendently in the two principal planes. 

The sectoral horns shown in Fig. 10-16 and c are special cases of the pyramidal 
horn. They are generally used only to obtain “fan-shaped” beams of specified 
sharpness in the plane containing the flare. The pattern is very broad in the other 
plane and is essentially the same as that of an open-ended waveguide. 



(a) COMPOUND HORN (b) BOX HORN 



(f) WAVEGUIDE (g) WAVEGUIDE . WITH. POST 

WITH DISK WITH DIELECTRIC 



(I) HOG HORN (I) ASYMMETRIC HORN 
Fia. 10-2. Miscellaneous horn types. 

The conical horn is shown in Fig. 10-ld. By virtue of its complete axial symmetry 
it can handle any polarization of the dominant TEn mode. The radiation pattern 
is completely determined by the flare angle and length for a given mode excitation; 
thus the beamwidth can be arbitrarily specified in only one plane. The gain of 
conical horns can be calculated to good accuracy, and thus they may also be used as 
primary gain standards. 

The biconical horn finds use where an omnidirectional horizontal radiation pattern 
is desired. Control of the vertical radiation pattern may be easily effected by choosing 
a suitable flare angle and length of side. This type of antenna thus finds frequent 
use in the VHF-UHF band for broadcasting purposes. By use of the appropriate 
feeding arrangement, either horizontal or vertical polarization may be employed. 

In order to obtain characteristics not possible with the common types of horns 
just described, the horns shown in Fig. 10-2 have been used. 

The compound horn with a long H-plane flare but a short E-plane flare, as illustrated 
in Fig. 10-2o, may be used to achieve a good broadband impedance match to free 
space by properly proportioning the E-plane flare length and angle. The box horn of 
Fig. 10-26 gives a narrower pattern in the H plane than a sectoral horn of the same 
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KT’ P'ltterns either 

broader or narrower than that of an open-ended waveguide. 

rtr f ’’®®“ frequently used for illuminating "cheese,” 

or pillbox antennas. In one element it combines a 90°-direction change, aperture 
enlargement in the H plane, and phase correction in the H plane. 



cylimlerilte^^M!’”’^ *'°™ parabolic 

characteristi<!a of the above types of horns 
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10.2. SECTORAL HORNS 


Radiation Patterns. The radiation patterns of sectoral horns may be calculated in 
the plane containing the flare. It is assumed that the horn is fed by a rectangular 
waveguide supporting only the dominant TEio mode. For the H-plane horn (flare in 



Fig. 10-4. Universal radiation patterns of horns flared in the H plane (applies to sectoral, 
pyramidal, and biconical horns). 


the plane containing the magnetic field) the amplitude of the electric field thus varies 
sinusoidally over the large dimension of the aperture, while for the E plane horn it is 
constant. In both horns the phase of the aperture field varies essentially parabolically 
over the aperture with maximum deviation 27ra*/8\/ radians, * where a is the aperture 

* This assumes that the total flare angle of the horn is less than about 60°, so that 
^ - (a/2)2]>^ « oV8/. 
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width and t the slant length of the flare. Figures 10-3 and 10-4 show the far-field 
relation patterns for B-plane and H-plane sectoral horns, respectively, as functions 
of the dimensionless quantity (ft/X) sin e or (o/X) sin 0, with the maximum phase 
deviation m wavelengths, s or«, as parameters. Note that in general the minor lobes 
are much more pronounced for the £-plane horn. These curves have been amply 
vanned experimentally and are valid for apertures greater than several wavelengths in 
e^t. For smaUer apertures, down to about one wavelength, the values of rela¬ 
tive field strength obtamed from the curves should be multipUed by the factor 



calculated** from the curves of Figs. 10-6 
aperture dimension is at least one wavelength. Meas- 
0 ^^?™?+^® theoretical gain values can be relied 

ff ntn» ? . i! u tl'^t the maximum gain for an 

fid rrlnTnT ^ s^inUength of 12X occurs when the aperture is 6X wide, 

k S S ^ "t occurs when the aperture 

nf siX correspond to a phase deviation in the aperture wavefront 

ri T<i The 3-db total beamwidths for these horns axe about 

The impedance characteristics of sectoral horns depend on the 
ismatch between the horn mouth and free space, the length of radial guide between 
e horn aperture and tooat, and the mismatch at the junction between the uniform 
guide and the thmat. The mput VSWR of an ^-plane horn in general varies periodi- 

TeoL l f Tt-T® wavelength in the .B-plane sectoral hor^ 

IS equal to that in the rectangular waveguide.) 

The input impedance of an H-plano sectoral horn differs somewhat from that of the 
£-plane horn in that the mismatch at the junction of the horn and rectangular wave- 
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guide is much smaller than that at the horn aperture. The result is that the input 
VSWR to an H-plane sectoral horn is essentially constant in magnitude and varies only 
in phase as the length of the horn is changed.* 

A broadband match is best obtained in the E-plane sectoral horn by treating the 
two discontinuities separately. The mismatch at the junction of the waveguide and 
horn may bo eliminated with a reactive window (usually inductive) at the junction. 
The horn aperture is frequently matched to free space by using a plastic weather 



o/X 

Fio. 10-6. Gain for an H-planc sectoral horn (6 ^ X). 

cover of proper thickness and dielectric constant. If no weather cover is used, a 
match may be obtained by use of small reactive discontinuities at the aperture. 

The problem of obtaining a broadband match with the H-plane horn is somewhat 
easier, because of the small discontinuity at the horn throat. Generally, only the 
aperture needs to be matched, and the same techniques mentioned for the E-plane 
horn may be employed. 

10.3. PYRAMIDAL HORNS 

Gain. As mentioned in Sec. 10.1, the pyramidal horn is frequently used as a 
standard horn of known gain in making gain measurements of other antennas. Its 
gain in decibels over an isotropic radiator may be accurately calculated from the 
curves of Figs. 10-7 and 10-8 and the following relationship: 

Gain in db - 10 (1.008 + log ^ - (-S'. + W 


( 10 - 1 ) 
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where L, and Lk are the decibel loss figures obtained from the curves. (NoU' Thu 
log IS to the base 10.) ‘ 


Th^ain may also be calculated by multiplying the product of the gains obtained 
from Rgs. 1(W and 10-6, (Xfc/5) (Xp./o), by ^/32 ^ ^ 

^ ^ optimum when the aperture dimensions are 

adjusted to give maximum gam for given slant lengths of flare in the H and E planes. 



S, MAXIMUM APERTURE PHASE DEVIATION IN WAVELENGTHS 
Fig. 10-7. Gain-correction factor for Jg?-plano flare. 


aperture phase deviations in tho H and E planes are 

ana respectively, or 

a = V34X b — \/2^eX (10-2) 

•iiincnsions, respectively, and A and 

The ^ ^ ® « the free-spacc wavelength. 

iwlfriirn optimum horn is almost exactly 50 i)cr cent of its actual area. 

Its gam being given by 


Gainop, in db = 10 (o.808 + log ? 


(10-3) 


obtainoTbv H, ** Radiation patterns for any typo of pyramidal horn may be 

S re ni -f T doBoribed in Sec. 10.2. 

igiire 10-3 gives the ^-plane patterns, and Fig. 10-4 those for the H plane. For 

than one wavelength in extent the patterns in the two planes may be 
conti-olleil independon ly by adjusting the horn proportions. Designing a horn to 

ofTin ^ “ P‘“®® “ trial and error because 

of tho necessity of fittmg the horn to the waveguide. The curves of Figs. 10-3 and 
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10-4 are used to select possible values of a, th, b, t,. These values must then satisfy 
the relation 

<“ - ">■ [(!)’ - j] - » - w [(r)‘ - i] <“«> 

for the horn to be physically realizable. Here ao and 6o are the H- and j^-plane wave¬ 
guide dimensions, respectively. 

Impedance. The impedance characteristics of pyramidal horns are somewhat 
more complicated than for sectoral horns. However, horns having a gain of 20 db 



t, MAXIMUM APERTURE PHASE DEVIATION IN WAVELENGTHS 
Fig. 10-8. Gain-correction factor for H-plane flare. 

or more and moderate flare angles, such as optimum horns, are usually well matched 
by a rectangular waveguide supporting only the dominant mode. For example, an 
optimum horn with 28 db gain at 3,000 Me fed by X 3-in. waveguide has an 
input VSWR of about 1.03. In cases where the over-all match must be improved, 
techniques similar to those described for sectoral horns may be used. 

Practical Design Considerations. In designing a standard horn one generally 
knows the desired gain, wavelength, and dimensions of the feeding waveguide. If 
the horn is also to be optimum, these quantities, together with the restrictions discussed 
above, completely determine the final dimensions of the horn. Let Oo and bo be the 
H- and J?-plane waveguide dimensions, respectively. Then the following equation 
must be satisfied if the horn is to be physically realizable (that is, fit the feeding wave¬ 
guide), optimum, and have numerical gain Qi 


where K - (G/15.7497)‘. 
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This equation may be easily solved by trial and error for / A 
ination which can serve aa a first trial is ? - X /T' Tf* , u u “pproxi- 

A is given by w - X VA- After (, has been determined, 

, _ K\» 

* “ ( 10 - 6 ) 
“ aad 6 may then be calculated from Eq (10-2) 

constat groCltairtybSTdJaKS'*'^ 

B«u over a lairiy broad band of frequencies by sacrificing about 2db of gain 
aso 
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Fig. 10-10. Comparison of calculated gain 
of an optimum pyramidal horn and gain 
of horn designed for minimum gain varia¬ 
tion over a 10 per cent band. 

ho™^n™‘* T ^ the same aperture dimensions. Design of such a 

rn^wSfielTmT ^ The equation wSih 

must be satisfied to make the horn physically realizable is 




(I0-7) 


where . and i are related a. shown in Pig, 10.9a and ill - -■ f^V. Ihe ratio 

M ,»r re?t tofh. oSt^ta T"““ " =“ “"*■ “ » 

trarilv but in ivpnrirai ^ parameter t may be chosen somewhat arbi- 

wm thmi have Z . °-2 preferable since the Torn 

feature. The proper *Wue”oM ^ *“ *he two planes, usually a desirable 

dilTercnt values. The gain of this ^ne designs for several 

As an example of horn design the curves in Kg. lO-io show the ealeulated variation 
* P. 11. Wickliffe of Bell Telephone Laboratories. 
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of gain vs. frequency for an optimum horn and a flat-gain horn, each designed for a 
gain of 20 db at a frequency of 3,900 Me. 

10.4. CONICAL HORNS 

Gain. The properties of a conical horn excited in the dominant TEu mode are 
similar to those of the pyramidal horn in many respects. The gain in decibels may 



S, MAXIMUM APERTURE PHASE DEVIATION IN WAVELENGTHS 
Fig. 10-11. Gain-corroction factor for conical horn. 

be calculated from the curve of Fig. 10-11 and the following relationship: 

Gain in db = 20 log ^ — L (10-8) 

A 

where C is the circumference of the horn aperture, and L is the decibel loss figure 
obtained from the curve. 

The gain is optimum for a given slant length of flare t when the diameter of the 
aperture d is related to I by the equation 

d = (10-9) 

This corresponds to a maximum phase deviation of in the aperture wavefront 
and is the same criterion as for the ff-plane flare in a sectoral or pyramidal horn. The 
effective area of an optimum conical horn is approximately 62 per cent of its actual 
area, 2 per cent more than that of the optimum pyramidal horn. The gain of an 
optimum conical horn is thus 

Gainopt in db = 20 log ^ - 2.82 (10-10) 

Radiation Patterns. The radiation pattern of a conical horn is difficult to calculate 
because of mathematical complexity. Experimentally measured patterns are availa¬ 
ble,® however, and Fig. 10-12 gives representative results for various horns. Horns a 
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proper change is made in the abscissa scale. For example, suppose the patterns of 
a horn with slant length = 7Xi and diameter di — 6.8Xi are desired. Calculating 


the phase deviation, one obtains 
^ ^ ^ = O.G(27r), or 0.6 wavelength 

Ai oci 

( 10 - 11 ) 

This is the same phase deviation as that 
for horn / in Fig. 10-12; thus the horn 
under consideration will have the same 
radiation patterns. The angular position 
01 of the distant field is related to 9 in 
Fig. 10-12/ as follows: 

sin di = ^ sin ^ sin ^ (10-12) 

Xai 5.0 

Impedance. Very little information is 
available on the impedance properties of 
conical horns. It appears likely, how¬ 
ever, that dominant-mode horns of 20 db 
or more gain and moderate fiare angle, 
such as optimum horns, wiU be reason¬ 
ably well matched to the waveguide 
feed. The two sources of reflections are 
at the throat and the aperture of the 
horn. If it is desired to improve the 
over-all impedance match, the proper 
reactive components to place at these 
two locations may be determined experi¬ 
mentally. 

10.6. BICONICAL HORNS 

Methods of Excitation. As mentioned 
in Sec. 10.1, a biconical horn® may be 
excited in either vertical or horizontal 
polarization by use of the appropriate 
feeding system. (The axis of the cones 
is taken to be vertical.) Possible feeds 
are shown in Fig. 10-13. If the wave¬ 
guide in Fig. 10-13a is propagating the 
TEoi (circular electric) mode, the result¬ 
ing field in the horn wiU be horizontally 
polarized and will be zero at the sides 
of the horn and maximum in the hori- 



(a) WAVEGUIDE FEED SYSTEM FOR 
VERTICAL POLARIZATION (TMq, IN 
GUIDE) OR HORIZONTAL POLARIZATION 



(b) COAXIAL FEED SYSTEM FOR 
VERTICAL POLARIZATION 



zontal plane through the apex. This 
is the TEoi mode in the horn. If the 
TMoi (circular magnetic) mode is used, 
the resulting field in the horn will be ver- 


(c) LOOP FEED FOR HORIZONTAL 
POLARIZATION 

Fig. 10-13. Methods of feeding biconical 
horn. 


tically polarized with uniform field amplitude in the vertical direction. In this case 


the field in the horn is a TEM mode. The coaxial feed in Fig. 10-136 will also excite 


the vertical polarization and is more commonly used than the waveguide feed. The 
loop feed of Fig. 10-13c may be used to excite the horizontal polarization. 
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Gam. If the radius R of the biconical horn is greater than two wavelengths, the 
gam in decibels may be calculated from 
Vertical polarization (TEM): 


= 10 log ~ — L, 


(10-13) 


Horizontal polarization (TEoi): 


fxdb = 10 log ^ 

A 


{Lj, + 0.91) (10-14) 

where L. and mc the decibel loss figures given in Pigs. 10-7 and 10-8. The quanti- 

“ wavelength) are 

ho^na ^ biconical horn. As for sectoral and pyramidal 

rijrn /f biconical horn is maximum for 

given ^ and X. These values depend on the polarization and arc given by 
Vertical polarization (TEM): ^ 

Oopt = V^fX (10-16) 

Horizontal polarization (TEoi): 


Oopt “ \/3fX 

The gain for optimum proportions is then given bv 
TEM; ^ 


TEoi: 


Opt Gab 


Opt Gdb 


6 log -I- 3.67 


5 log - -f 3.45 


( 10 - 10 ) 


(10-17) 


(10-18) 


‘■S'diation pattern of the biconical horn is uniform (omni¬ 
directional) m the horizontal plane for either vertical or horizontal polarization. In 
toe vertical plane the pattern is given by the universal curves of Fig. 10-3 for vertical 
ri^^dlnt r fW polarization. By proper choice of flare angle 

Jse Sttse Jurfea " beamwidth in the vertical plane may be obtained by 

Impedance. The impedance characteristics of biconical horns have been studied 
both experimentally and theoretically for various lengths and flare angles. Most 

™ information being 

onvtS m.H fl greater than two wave- 

1 flare angle greater than about 20°, the input impedance (vertical polariza¬ 
tion) IS essentially equal to the characteristic impedance: 

K = 120 log. cot ^ (TEM case) (10-19) 

length trrar^ngli‘“P®*^^®® varies both with slant 

10.6. MISCELLANEOUS HORN TYPES 

bnpedance properties of sectoral horns suggest the possi- 
^ of opining a good broadband match with the compound horn of Fig. 10-2a, 
where the H-plane dimension is considerably larger than that of the E plane. Because 
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of the negligible mismatch at the junction of the waveguide with the H-plane flare, 
the over-all impedance characteristics depend only on the mismatch at the throat 
and aperture of the JS7-plane flare. By proper choice of the flare angle and length 
these two reflections may be made to cancel each other. The frequency band over 
which a match may be obtained depends on the J^-plane flare length and is greater 
the shorter the length. The exact impedance characteristics of .^-plane flares are 
probably best obtained experimentally for this purpose.* 

The gain- and radiation-pattern characteristics will be essentially the same as for 
pyramidal horns of the same flare angles and lengths. 

Box Horn. The box horn shown in Fig. 10-26 consists of a dominant-mode rec¬ 
tangular waveguide coupled to a length L of rectangular waveguide of the same ^-plane 
height but whose H-plane width A is large enough to support the TEso mode. The 
field over the horn aperture is thus a combination of the TEio and TEso modes, the 
exact distribution depending on their relative phase and amplitude. The length 
of the box determines the relative phase of the two modes, and the ratio of the H-plane 
dimensions of the two waveguides determines their relative amplitude. Usually 
the length is adjusted so that the two modes arc 180® out of phase, or 


X/2 

[1 - (\/2A)*]Vfi - [1 - (3X/2A)»J^ 


( 10 - 20 ) 


Under these conditions the amplitude distribution over the H plane of the aperture 
is a closer approximation to uniform than is the cosine variation associated with the 
TEio mode. This results in an increased efficiency, together with a somewhat nar¬ 
rower major-lobe and higher minor-lobe levels. Optimum efficiency is realized when 
A is about times the H-plane width of the smaller waveguide. In this case the 
amplitude of the TEso mode is about 36 per cent that of the TEio mode. The first 
minor lobe is about 13 db down from the major-lobe peak for A > 2X. 

The principal advantage of the box horn lies in its ability to produce narrower 
beams than a sectoral horn of the same over-all length and aperture width. It is 
not used to produce beamwidths between tenth-power points of less than 36®, how¬ 
ever, because this would require that A become so large that modes of higher order 
than TEso could appear. Thus the box horn finds use in producing H-plane beam- 
widths between tenth-power points of about 36 to 70®. 

Further details on the box horn may be found in Ref. 2, pp. 377-380, and Ref. 12. 

Waveguide Radiators. One of the simplest types of horns is an open-ended rec¬ 
tangular waveguide supporting the dominant TEio mode. The radiation patterns 
of such a horn are generally narrower than would be expected from simple Huygens 
theory because of the presence of currents flowing on the outside walls of the wave¬ 
guide. Also because of this effect the gain is higher than might be expected, to the 
extent that the effective area may be greater than the actual area. The presence 
of these currents makes exact calculation of the radiation properties of waveguides very 
difficult. As a result, most small horns of this type are usually studied experimentally. 

Figure 10-14 gives the H- and H-plane patterns that have been obtained for a 
rectangular waveguide with dominant-mode excitation and inside dimensions 0.9 in. 
in the H plane and 0.4 in. in the E plane at 9,376 Mc.*-» Figure 10-16 gives experi¬ 
mental patterns for a 2.81-in.-ID round waveguide at 4,087 Me for the dominant 
TEii mode. 

In order to modify the patterns from open-ended waveguides, a number of methods 
have been used. The waveguides shown in Fig. 10-2c and d have had their ends 
shaped, in pattern c to a point with 90® included angle and in pattern d to a semi¬ 
circle of 0.7-in. radius. At 9,376 Me the H-plane patterns of Fig. 10-16 were obtained.® 

Broader H-plane patterns may also be produced by the waveguide of Fig. 10-2e.*-“ 
Here a conductive post has been placed across the waveguide (parallel to the electric 
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field) on the aris and immediately back of the aperture. The comers of tb* 

f^d 1 ^ ^ ® edge. For values of c - 

aad 0 46 the ff-plane pattern may be broadened to a total beamwidth between 



0.6 


< 0.4 

0.2 


i»W"d ti» 

g. 10-2/ wiU have radiation patterns significantly different from 
those of a waveguide alone.»-« As the 
disk is moved along the waveguide away 
from the aperture, the J^-plane patterns 
become alternately broader and narrower 
than that of the open-ended waveguide. 
The broad patterns may have a double 
hump with a minimum in the direction 
of the waveguide axis. A disk about 
two wavelengths in diameter apparently 
is as effective as one much larger. The 
broadest pattern obtained with a disk of 
this size was 145® between tenth-power 
points when the disk was 2.0 cm behind 
the aperture of a 0.9- X 0.4-in.-ID wave¬ 
guide at a frequency of 9,375 Me. 

Waveguide radiators with dielectric 
slugs in the waveguide at the aperture, 
have also been experimentally studied.®' 
In order to produce an effect, the slug 
must be asymmetric with respect to the 
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ANGLE MEASURED FROM WAVEGUIDE AXIS 

^-plane radiation 
pattf .rns at X « 3.2 cm of rectangular wave¬ 
guide with shaped ends (TEjo inode). 

guide axis. The action of the slug is twofold “fh*" ^®spect to tb 

nuity which excites higher-order TE mnda ' ^ e asymmetry provides a disconti- 
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configuration, with a consequent effect on the radiation pattern. A triangular slug of 
polystyrene, as shown in Fig. 10-2^, cut to an angle <t> = 40®, resulted in an JJ-plane 
pattern with peak intensity shifted 26® to one side and an increase in minor-lobe level 
to about 12 db below the peak. 

A dominant-mode rectangular waveguide with the end obliquely cut off as in 
Fig. lO-2/i displays certain interesting beam shifting and shaping properties in the 
H plane. There is practically no effect, however, on the ^-plane pattern. As the 
angle of inclination of the end plane a increases, the beam is progressively shifted 
away from the guide axis in a direction toward the normal to the plane of the aperture 
and the width of the major lobe progressively decreases. These effects can be pre¬ 
dicted rather well by assuming a uniform amplitude field distribution over the aperture 
(accounting in an approximate way for the presence of higher- 
order modes) and a linear phase distribution calculated along 
the line of the cut but assuming it to be the same as though the 
waveguide had not been cut. 

Hog Horn. The hog horn of Fig. 10-2t has been used prin¬ 
cipally as a feed horn for pillbox or cheese antennas. These 
antennas are characterized by use of a section of a cylindrical 
parabola bounded by two parallel conducting plates. The 
separation between plates may be very small (less than X/2), 
in which case the TEM mode is used with waveguide or dipole 
feed at the focus of the parabola. For larger separations it is 
possible to use the TEio mode with the electric field parallel to 
the plates. If this mode is used for plate separations larger 
than the wavelength, the problem of exciting only the one mode 
becomes important. The hog horn fills this need very well and 
has been used successfully for plate separations up to 30 wave¬ 
lengths.^-'*’^® 

The hog horn accomplishes this because the field distribu¬ 
tion in its aperture is plane, because of the parabolic reflecting 
surface, and varies in amplitude essentially as the TEio mode in the parallel plate 
region because of the use of the dominant TEio mode in feeding the horn. The 
H-plane pattern of the hog horn is essentially the same as the curve for i « 0 in 
Fig. 10-4. The .K-plane pattern is quite broad, corresponding to that of an open- 
ended waveguide in the E plane. 

The impedance match of the hog horn depends mainly on the match of the aperture, 
since the H-plane flare of the throat and the parabolic reflector produce little reflec¬ 
tion. A frequently used matching technique at the aperture is to use a dielectric 
weather cover of the proper spacing and thickness. 

Asymmetric Horn. The horn of Fig. 10-?7 is simply an H-plane sectoral horn 
whose aperture plane is cut at an angle to the axis of the waveguide. The main 
lobe of the H-plane pattern is deflected somewhat toward the normal to the aperture 
plane, following Snell's law. In other respects the pattern will be similar to those of 
an H-plane sectoral horn. Asymmetric horns have been used as feeds for cylindrical 
parabolas^-'* and in stacked arrays. In the latter application the horns are placed 
side by side in the H plane with the short side of one horn adjacent to the long side 
of the next as shown in Fig. 10-17, in order to locate the apertures of the horns closer 
together. 



Fig. 10-17. H-plane 
array of asymmetri¬ 
cal horns. 
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11.1. Introduction. 

11.2. Effect of Spacing for Given Comer Angle. 11-2 

11.3. Determination of Size of Corner Reflector. 11-2 

11.4. Experimental Radiation Patterns. 1I“5 

11.5. Tilt of Main Beam. 


11.6. Corner Reflector Using Spine Construction 


11.1. INTRODUCTION 

The corner-reflector antenna^'* consists of a driven radiator, normally a half-wave 
element, associated with a reflector constructed of two flat conducting sheets (or 
their equivalent) which meet at an angle to form a comer. Figure 11-1 shows the 
antenna configuration and coordinate system. As in the horn type of antenna, the 
most useful radiation patterns of the corner-reflector antenna are those in the two 



^= 90 ® 

11-1, Corner-reflector antenna and coordinate system. 
11-1 
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principal planes, usually designated by the terms E plane and H plane because they 
are parallel to the electric- and magnetic-field intensities, respectively. 

When the corner angle jS is 180/n and n is an integer, the effect of the corner reflector 
can be taken into account by the method of images. For a 90®corncr it is necessary 

to postulate three images as shown in Fig. 11-2. A 
60° corner requires five images, a 45° corner seven 
images, etc. 

11,2. EFFECT OF SPACING FOR GIVEN 
CORNER ANGLE 

The principal effect of a corner reflector is to con¬ 
centrate the radiation in the direction of the bisector 
of the corner, with the maximum concentration taking 
place in the H plane. There is a wide latitude of 
spacings possible for the dipole within the corner, 
and the forward gain goes through maximum and 
minimum values as the spacing is increased. The 
principal region of operation for the corner reflector 
is that in the region of the first maximum, and this 
may be termed the first-order mode of operation. There are advantages in opera¬ 
tion at the second maximum if physical size can be tolerated, and in general at the 
higher modes of operation both the H-plane and E-planc patterns are concentrated 
to a great extent. 

For best results there is an optimum spacing 8 between the antenna and comer 
for each angle. If the spacing becomes too large in the first mode of operation, the 



3* 

4 j 5 

(a) 90® CORNER (b) 60®CORNER 
Fig. 11-2. Image system for 
corner-reflector antennas. A 
represents the exciting an¬ 
tenna, and the numbered an¬ 
tennas ore images. The an¬ 
tenna A, in conjunction with 
its images, produces the same 
field in the direction of the 
reflector mouth as does the 
system consisting of A and the 
corner reflector. 



Fig. 11-3. CJaiii vs. spaidng for jS « 90° and jS « 180°, diri'ctioii <t> » 0°, Q ■■ 00°. 


<lir(‘cti()nal pattern begins to show multiple lobes, the gain drops off, and the arrange- 
in(‘nt also becomes large physically. On the other hand, as tlu‘ spacing becomes small, 
tlu^ radiation resistance is reduced and incidental loss resistances then consume an 
h»cr(*asingly large fraction of the energy. The relationship between spacing and gain 
for a corner reflector with infinite sides is shown in Figs. 11-3 and 11-4 for various 
(ioriK^r angles. The radiation resistance is shown in Figs. 11-6 and 11-6. It will be 
not(‘(l that p<)W(^r gains of the order of 10 to 13 db (10 to 20 times), as compared with 
an iKolat.ed half-wave* antenna, are r(‘adily obtainable in a rolativedy simple, compact 
arrang(‘rn(‘nt having a ntasonable radiation resistance. 


11.3. DETERMINATION OF SIZE OF CORNER REFLECTOR 

Negl(*<d,ing c‘tlg(i eff(‘<d.H, a suitable value for the length of sides may be arrived at 
by the following liiu* of reasoning.® An essential region of the reflector is that near 
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6 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 22 2.4 2.6 2.8 30 

SPACING-S WAVELENGTHS 

Fig. 11-5. Radiation resistaiifce of driven X/2 dipole vs. spacing for ^ =• 90® and =« 180® 



SPACING-S WAVELENGTHS 

Fig. 11-6. Radiation resistance of driven X/2 dipole vs. spacing for =« 45° and^ = 60®. 

the point at which a wave from the driven antenna is reflected parallel to the axis. 
For example, point A of the 90® comer reflector shown in Fig. 11-7 is at a distance of 
1.418 from the comer C, where S is the antenna-to-comer spacing. If the reflector 
ends at point J5 at a distance Li = 28 from the comer, as in Fig. 11-7, the reflector 
ends approximately 0.68 beyond A. With the reflector ending at jB, it is to be noted 
that the only waves reflected from infinite sides, but not finite sides, are those radiated 
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in the sectors ij. Furthermore, these waves are reflected with infinite sides into a 
direction that is at a considerable angle <j> with respect to the axis. Hence the absence 
of the reflector beyond B should not have a large effect. It should also have relatively 
little effect on the driving-point impedance. The most noticeable effect with finite 
sides IS that the measured pattern is broader than that calculated for infinite sides 



oornoJsioSr ^ antenna-to- 

^feetionlt'® fi? *r “ somewhat larger angle. If this is not 

objectionable, a side length of twice the antenna-to-corner spacing (Z, = 2S) is a 
practical minimum value for the 90° corner reflector. 

Although the gain of a corner reflector with infinite sides can be increased by 

toltfi ® oo''"or reflector with 

finite sides will increase as the corner angle is decreased. To maintain a given 





reflector aiitonnaB. 

^ ^ increased. Also on a 60“ 

IIp;»r tn ■®'' with 1.4I« for the square^orncr type, 

be *“"eth of the reflector siL 

Usual ?tS« n ^ ®‘l“"®-o‘‘™er reflector designed for the same frequency, 

evicted n gSn “ disadvantage in view of the relatively small increase to be 
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To reduce the wind resistance offered by a solid reflector, a grid of parallel wires or 
conductors can bo used as in Fig. 11-8. The supporting member joining the mid¬ 
points of the reflector conductors may be either a conductor or an insulator. In 
general, the spacing G between reflector conductors should be equal to or less than 
O.IX. With a half-wavelength driven element the length H of the reflector conductors 
should bo equal to or greater than 0.6X. If the length H is reduced to values of less 
than 0.6X, radiation to the sides and rear tends to increase and the gain decreases. 
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Fio. 11-10. Region of first-order-mode operation. 

Two square-corner reflectors of practical dimensions are illustrated in Fig. 11-9. 
The design a with 8 = 0.35X and the side length L « 0.7X can be used where the 
physical size of the antenna must be a minimum. If physical size is not a restriction, 
design h may be used, with the advantage of a greater bandwidth. The type of driven 
element is also a factor in determining bandwidth. A fat cylindrical element or a 
biconical element gives more bandwidth than a thin driven element^ (see also Chap. 3). 

11.4. EXPERIMENTAL RADIATION PATTERNS 

Experimental-pattern data* are shown for various corner configurations in Figs. 
11-11 to 11-21. Several interesting trends may be observed by close examination 
of the if-plane patterns. For any particular corner angle, /3 = 60° for example, the 

0 0 0 0 0 0 0 0 t 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 l.l 

Hi I V V V V V V 

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.2 

Fig. 11-11. 60° corner, H plane, 8\ variable. 

magnitude of any particular set of minor lobes relative to a major lobe may be traced 
from its origin. At a spacing of 1.4 wavelengths the single-lobe condition is still in 
existence, but at 1.6 wavelengths the first set of minor lobes begin to appear. Con¬ 
tinuing, somewhere between 1.5X and 1.6X the amplitudes of the m i n or and major 

* The patterns were taken with sides of dimensions 4X6 wavelengths. These values 
approximate semi-infinite sheets for the measurements involved. 
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lobes become e<jual, and then through a series of spacings during which the minor 
lobes become larger in relation to the major lobe, until at S = 1.8X the center lobe 
has entirely disappeared. It is this growth of secondary-lobe structure that represents 
the higher-order modes of operation and is responsible for the divided characteristic 
of the beam at larger spacings. 

This same evolutbnary process may be observed by tracing any one of the other 
secondary lobes in other configurations through its various stages of development. 


0 0 0 0 0 OCOOOvfl 

0-3 0.4 0.5 0.6 0.7 0.8 0,9 I.O |.| 

0 0 0 ^ ^ 

'*3 1.4 1.5 1.6 1.7 L8 1.9 2.0 

Fig. 11-12. 60° corner, E plane, S\ variable. 

0 0 0 0 0 0 0 4 VV 

0*2 0.3 0.4 0.5 O.S 0.7 

vv ♦ 


0.8 0.9 I.O 





'-2 '-3 '-4 1.5 ir ^ 1% Z 

Fig. 11-13, 90° corner, H plane, S\ variable. 


0 0 0 0 0 O 

0.1 0.2 0.3 0.4 0.5 0.6 ^ ^ ST 

^41 9 Q V ^ ^ VVv 

'-2 '-3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 

Fig. 11-14. 90° corner, E plane, 8\ variable. 


As the spy,mg becomes of large magnitude, the pattern has a largo number of lobes of 
conipiirablc size. Figure 11-10 is an empirical set of curves which depicts the region 
ovc*r which the spacing may bo carried for any particular corner angle in order to 
iniimtiun hrs^rder-mode operation. The data for the preparation of these curves 
were obtained from direct observation of the measured pat tennis.® 

In an effort to extend the methods of the corner reflector beyond the case of the flat- 
sheet rcfl(^etor, the configuration employing an angle of 270“ was investigated. The 
patterns arc shown in Fig. 11-19. An immediate application may be seen from 
inspection of the patterns with spacings around 0.3 wavelength. This configuration 
provides a perfectly uniform distribution of radiated field over 180® of azimuth. 
Beyond this the field drops rapidly to zero. At greater spacings the pattern becomes 
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elongated, and finally multilobcs appear. For services requiring coverage diagrams 
of 180® this is a very useful device and might conceivably be mounted at the corner 
of a building in order to take full advantage of structural conditions. 


11.6. TILT OF MAIN BEAM 

It is of interest to investigate methods of tilting the main beam off the centerline 
of the comer angle. Figure 11-20 shows the effects on pattern of setting the dipole 
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Fig. 11-16.120° corner, H plane, 8\ variable. 
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
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l.l 1.2 1.3 1.4 1.5 l.$ 1.7 1.8 1.9 2.0 

Fio. 11-16.120“ oornor, E plane, S\ yariable. 

O O O '5Q5’ 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 


0.8 0.9 1.0 1.1 1.2 1.5 



L4 1.5 1.6 1.7 1.8 



Fia. 11-17. 180° corner (fllat sheet), H plane, S\ variable. 


15° and 26° off the centerline as the apex-to-corner spacing is varied. In the 15® case 
the beam is single-lobed for small spacihgs and the tilt condition begins to appear at 
0.5X. This tilt is in a direction opposite to the offset of the dipole, and the maximum 
angle of about 15° occurs at 5 = 0.6X. Beyond this the beam becomes multilobed. 
At a spacing of 1.0 wavelepgth a single tilted lobe reappears at an angle of about 
20° in the direction of the dipole offset. At greater spacings the breakup becomes 
severe and the operation is no longer practical. In the 26° offset, operation is similar 
except that the second single lobe occurs around 1.5 wavelengths with a deflection 



CORNER-REFLECTOR ANTENNAS 

somewhat greater than before. Designs utilizing two dipoles in lobonswitching 
^plications are possible using this property of the 90® corner-reflector antenna. 
However, these data do not include the effects of the passive dipole. 

11.6. CORNER REFLECTOR USING SPINE CONSTRUCTION 

(X pr^tical interest is the operation of the array using spine construction. Figure 
11-21 shows several cases of spine construction, with the 90° corner. The first sot 
using O.IX spine spacing and a 6X reflector substantially reproduces those patterns 


0 ^ Q 0 

0.1 0.Z 0.3 0.4 0.5 ae 0-7 0.8 0.9 1.0 

0 ^ V W 0 ^ 

l-S 1.3 1,4 1.5 1.6 1.7 1.8 1.9 

Pio. 11-18. 180° corner (flat sheet), E plane, Sx variable. 

O O O O iQ:. 

0.2 0.3 0.4 0.5 0.6 0.7 

^ ^ ^ ^ ^ fk 

0.9 1.0 l.l 1.2 13 

Fio. 11-19. 270° corner, II plane, 8\ variable. 

OOOQ ^ ^ ^ P HW 

0,3 0.4 0.5 0.6 0.7 0.8 0.9 1,0 l.l |,2 1.3 1.4 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 l.l |.2 1.3 14 

I'la. 11-20. 90° corner, H plane. X/2 dipole located off bisector, Sx variable. 

2 wave- 

inum (S = l.OX). However, the agreement is still ([uito good. When the spine 
spacing IS increaseil to 0.2 wavelength the patterns hold up quite well hut whon K 

IeflwlorXo‘ts altV « floite an increasi. in radiation through the 

stows the condition of O.IX spine spacing and reflector length of one wavelength 
Iho one-wavekuigth reflector seems capable of maintaining the pattern 
as large as 0.6X, and although the general shape of the jiattern is recognizable at 

poroSior - L mS ?or ve?; 




0.4 




0.4 


REFERENCES 
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G=0.2X H=2X L*2X 
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12.1. BASIC DESIGN PRINCIPLES 

Introduction. The antennas to be considered in this section are used with systems 
for communication or for radar purposes in which a large value of gain is necessary. 

12-1 
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The basic^tenna has two components: a relatively smaU feed and a large refleotinir 

of S eleSnt f teedh&B been considered in other sections, a discussion 

of thw element wih be earned out here only when necessary to clarify a particular 

® ^atest part of the material will consider refleLrs utilis^g 
the properties of a parabola. Smee these reflectors have been found to be satisfactorv 
in ve^r many different applications, the fundamentals of their design are of greatest 
im^rtance. However, some consideration will be given to the geSal rSctol 

p^lem, so that, mth additional effort on the part of the designer, reflector surfaces 
havmg novel properties can be devised. sunaces 

Some general statements can be made concerning the relationship of the reflector- 
ype w mm to other elements used for producing directive beams. At UHF fre¬ 
quencies and above where directive beams become practical, the desigL has the 
choice of ^d-fire or broad-side arrays, corner-reflector antenna, or a mflector us^ng a 

ant^Ja^iT A eyeful design of the end-fire, or Yagi 

antenna, will produce an economic unit yielding about 16 db gain. However this 

mission Ime, so that it is limited in apphoation. The broad-side array can be used 

Lnr b^he fumbirnf ? limited, from a practical stand- 

if ^ ^ elements required to approximate the reflector antenna 

four array elements must be placed in each square wavelength of the 
aperture, the number of elements required to approximate the pattern of the reflector- 

umLT*^w tliousand, so that the feed system becomes 

“PO'^ational array-type antennas have produced gains 
“■ “ “•“* “"P™- "PfvoPbl; .rilh 

the corner-reflector antenna, has a basic 
the an increase in the size of the flat surfaces forming 

^^®°tor produces no corresponding increase in the antenna gain VC 

produced gains as high as 14 db with a single feed ele¬ 
ment, It IS doubtful if any greater improvement can be achieved 

In general, the basic advantage of the reflector-type antenna over the other ele 

lesTtoa^ M db hiw r***' achieved. For gains 

less than 20 db, however, other elements should be considered, and for very low gain 

S r^i’Te whh iS o 

y a tot suitece with little or no change m antenna performance. 

Reflector Geometrical Optics. The high-«ain reflector antenna offers an excellent 
the apphoation of geometric optics to antenna problems. The feed 

wavefront. T^his wavefront, upon reflection, is converted into a plane wave or a 
wave of any desired slmpe. Reference 1 shows that a general-inoWent wavefront 

toe th~ “V that, given an7tw7of 

the tl^e the third can be determmed. For the particular case of a spherical wave- 

Zr^"'Consirr? coordinates be at the oenteJ of the 

sphere. Consider a virtual reflected wavefront as the constant phase surface whose 

phase IS equal to that at the center of the sphere, the source point Thk 'Zre waZ 
ront IS indicatod in Fig. 12-1 to be given by the vector Y = 2n(n • R), where R is 

?e niZ toltto" " "“‘I « the unit normal to the reflecto;.’ It should 

^ • “""Phfieation occurs only for the zero wavefront obtained by moving 

a distance R behind the reflector in the direction of the reflected ray. Any other wave- 

For the case of the parabola with focal point at the origin, the reflector R is given 
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by (tan* ^/2 — l)i + (2 tan v/2)i, where i and j are unit vectors along the x and y 
axes, respectively. The normal n is (cos* <p/2)i — (sin* <p/2)j so that the zero wave- 
front, T = 2 sec <p/2 [(cos <p/2)i + (sin <pl2)j], is a straight line. This indicates the 
well-known fact that the wavefront reflected by a paraboloid is a plane. 

Another useful formula, which can be applied to the problem of a general ray 
reflected from a general surface, is obtained by considering the plane of incidence, 
that is, the plane containing the incident vector and the normal to the surface. In 



Fio. 12-1. Vector representation of wavefront and reflector surfaces. 



Fig, 12-2. Geometric relationships in parabola with imit focal length. 


polar coordinates, the radius vector p(0), given in the terms of the angle 0, can be 
related to the angle of incidence i as tan i = p'/p, where the prime denotes differentia¬ 
tion. In order to indicate the utility of this formula, we can consider the example of 
surfaces having a plane intersection given by the curve p = sec" d/n with the feed 
source at the origin. An incident vector in this plane then has an angle of incidence 
given by i *= 6/n. Particular examples of this curve include the straight line for 
which n equals unity and the parabola for which n is equal to 2. Using this formula 
for n =» 2, one can obtain the values of parameters related to the parabolic arc, as 
are displayed in Fig. 12-2. 

The previous discussion has been concerned with wavefronts which give the phase 
characteristics of a reflector radiator; an analysis can also be made of the signal ampli¬ 
tude in the reflected wave. The flow of ray energy between points Pi and P 2 can be 
evaluated from conservation-of-energy principles. If As is the area of a surface 
cutting the ray bundle orthogonally at Pi and AS is the corresponding area at Pa, 
then the divergence of energy is given by 




lim ^ 


A«—>0 -Ea* Aa--*0 AS 


where Ei and E 2 are the fields at Pi and Pj, respectively. Using this formula, it can 
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^ seen that there is no divergence in a ray bundle of a plane wave fZ) = n « 
«yU«<lHo.l w.™, »h.„ i i. dil^ 

thHivI™ producing the cylindrical wave. For a spherical wave 

the divergence is l/d«, where d is measured from the source oP“oricai wave, 

ItUlSrinincid^r divergence of a reflected wave.« 


J. 

D 


^ 4di^d2* 
PlP2 


+ (di + d2)a + 2d,d2 + BlLtA ( di + d2 \ 

\ Pi Pi / \ cos i J 


12.2. PARABOLOIDAL-TYPE REFLECTORS 

wS k Smedty mttbf paraboloidal surface, 

and th?S™inI S,l 5 T f a Parabola about the line joining the vertex 

« ™,u b. 11 f»» th. M, 

to intercept all this pnpro-v +v» a ^a * • consideration is that in attempting 

from the feed This innf^a +« • • . ,, ctor area, receives a low-intensity field 
edges and so minimizes side ^^oo'itinuity at the reflector 

design standpoint it is often desirahl'"+’^ reflector size is limited from the mechanical 
sity A compmmii mulrther^^^^^^^^ ““lITu '“^ions of low inten- 

ciently large to caSw thl suffi- 

mechLical stenSSr ^“8e to be useful from a 

•» '>• “ p-ii-i. »d««. 

ing either the maximum fffl in fm tv ' design is based on obtain- 

expense of a L”cr^“n F 

energy refleeted should be distributed w thTuhrAeTd aT?h ^een found that the 
mately 10 db below that of tVio «= + f **'* * j®®**! reflector edges is approxi- 
lh« «ig« .ho»M bo obit 20 ^ tbo Md 1 

.h.'‘,ii'~d"iTtb:£y"o!:i^^^ 

p.^1.- ooaoow. o. 0, .b. .0,00. Saij “1 k 

lU 0«'»o”™“prii“n uLvSy *” 
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12-3). This pattern was obtained through a comparison of many experimentally 
me^ured data points. It can be closely approximated over all but the lower intensity 
regions of the beam by a simple quadratic function. The beamwidth at any point is 
proportional to the square root of the decibel reading at that point. For example 
the beamwidth is doubled when the decibel reading is increased by a factor of 4. This 




Fio. 12-4. Ratio of focal length to aperture diameter vs. subtended angle at focal point. 

curve is necessary because of the fact that beamwidth information is normally avail¬ 
able only at a particular decibel value, such as 3 or 10 db, whereas in actual application 
one is interested in the beamwidth at the points where rays are directed to the edges 
of the reflector. 

In order to relate the reflector geometry to the pattern beamwidth, a second curve 
is necessary. Normally, the information available on the paraboloidal reflector 
surface is its focal length and aperture dimension, so that one can immediately use 
th(^ ratio of those quantities, designated by f/D. From the information of Fig. 12-2 
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it is possible to produce a curve relating the //D ratio to the feed angle d. This 
relationship is given graphically in Fig. 12-4. 

Once the feed angle corresponding to the reflector edges has been determined, it 
would appear possible to utilize Fig. 12-3 directly j^n order to obtain a value of edge 
illumination. However, one additional factor must be considered, the divergence 
factor of Fig. 12-1 (cos^ 0/2). This function can be converted to decibels and 
plotted in Fig. 12-6. It is evident from the figure that the space-attenuation factor 
is negligible for small values of feed angle and becomes relatively large for feed angles 
of the order of 90®. 



In order to understand the use of Figs. 12-3 to 12-5, a typical problem can be 
solved. If it is required that the edge illumination should be 20 db in a reflector whose 
f/D ratio is 0.5, one first enters the curve of Fig. 12-4 and finds that the total feed 
angle is 106®. From Fig. 12-5, the space attenuation at this angle (53® degrees from 
the axis) is 1.9 db. The desired edge illumination can then be found by noting that 
the feed horn should have a signal 18.1 db down at an angle of 53® from the peak of the 
beam. Since the feed-hom design curves are given in terms of the 10-db bcamwidth, 
it is necessary to determine what 10 db width is associated with 18.1 db at 53®. Since, 
as previously stated, the bcamwidth ratio is proportional to the square root of the 
decibel ratio, the desired width is given by (10/18.1)^ X 53® = 39.5®, so that the 
total 10-db width is equal to 79®. 

Some slight improvement in accuracy might be obtained if the quadratic nature of 
the bcamwidth is ignored and the standard pattern of Fig. 12-3 is used. From this 
figure, it is found that the ratio in beamwidth between 10 and 18.1 db is equal to 0.73, 
which corresponds to a feed whose 10-db width is 77.5®. Because of the negligible 
difference between these two answers, it can be seen that, for most practical applica^ 
tions, the quadratic approximation to the standard pattern can be employed. 

Interaction between Reflector and Feed. From the considerations of the previous 
section, it is evident that the design of the reflector cannot be entirely divorced from 
that of the feed. An even more significant relationship arises when one considers 
interaction between these two elements. Because of this interaction, the feed dis¬ 
turbs the radiation pattern of the reflector and the reflector affects the match of the 
feed. A third problem of considerable significance in smaller reflectors is the con¬ 
tribution of the backward radiation from the feed to the pattern formed by the 
reflector. This effect tends to raise the side-lobe level of the radiation pattern as the 
reflector aperture is decreased below an aperture of 10 wavelengths. 
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The effect of the horn on the radiation pattern of a large reflector can be analyzed 
in a very simple manner. The horn, with its associated waveguide, represents an 
obstacle in the radiating aperture. The final radiation pattern can be shown to 
consist of the pattern from the unobstructed aperture minus the pattern of the 
obstruction. This very simple analysis has been shown to be satisfactory and to 
compare very closely with measured experimental results. Since, in general, the 
feed design is determined from mechanical considerations and from the reasoning of 
the previous section, a minimization in the effect of feed blocking is obtained only as 
the aperture size in wavelengths increases. This is due to the fact that the feed 
geometry depends primarily on the angular sector of the dish and so is unchanged as 
the reflector size in wavelengths is increased. It should be noted that the feed 
obstruction, that is, the feed horn plus waveguide, is normally limited to a single 
plane. The effect of this obstruction on side-lobe performance is then most pro¬ 
nounced in the plane perpendicular to the feed obstruction where the obstruction 
pattern is very broad. In the other plane, the obstruction pattern has a much nar¬ 
rower beamwidth, which approaches that of the reflector and so is relatively weak in 
the regions where it might contribute an increase in side-lobe level. 

The above discussion of feed obstruction assumes that the dimension of this obstruc¬ 
tion in the direction of propagation is relatively small; however, if this dimension 
becomes appreciable, then the effect of the obstruction on the feed pattern becomes 
more complex and, in almost every case, a further increase in side-lobe level is found. 
Experimentally, it has been determined that the minimum value of side-lobe level is 
obtained if the feed structure in the direction of propagation is ^'streamlined.'' This 
has been accomplished by enclosing all parts of the feed structure, with the exception 
of the feed horn itself, in a thin cylinder whose cross section approximates an ellipse 
of large ratio between major and minor axes. 

The effect of the reflector on the match of the feed horn can bo analyzed in a simple 
manner if it is understood that most of the energy reflected back into the feed comes 
from the region in the neighborhood of the reflector vertex. Since the incident wave 
was divergent, a focal length large in wavelengths would tend to minimize the amount 
of signal reflected back to the food. For a given reflector, an increase in the gain of 
tho feed, which corresponds to an increase in peak signal compared with signals from 
other directions, will result in greater energy incident upon the reflector vertex and 
therefore a greater reflected wave and a greater mismatch. From these considerations 
it can bo shown® that the reflection cocfTicient introduced by tho presence of tho 
paraboloid is given by r = ( 7 X/ 471 /, where g is tho gain of tho food in tho direction of 
the vertex. 

It is of interest to determine the proper value of focal length for minimum mis¬ 
match if the reflector aperture and illumination arc held fixed. Since for a circular 
aperture the feed gain is inversely proportional to beamwidth squared, it can be 
replaced in the formula by the square of an angle, which except for space attenuation 
is directly related to the angle 6, subtended by the aperture at the focal point. Since 
tho aperture diameter is given by D « 2/ tan (0/2) (Fig. 12-2), wo can write 
r a [tan (0/2)] /0*, which indicates a smaller value of reflection coefficient for largo 0, 
that is, for short focal lengths. Tho minimum reflection is limited by tho decreased 
value of reflector gain realized when a short focal-length reflector is used. 

Asymmetrical Cut Paraboloids. In order to reduce tho effects of the feed-horn 
blocking on the radiation pattern and of the reflector mismatch on the feed horn, tho 
paraboloid with vertex in tho aperture center can bo replaced by one whose vertex 
lies off center or, in. tho extreme case, completely outside of tho reflector aperture. 
This departure from the previous symmetrical aperture introduces no change what¬ 
soever in tho aperturo-phaso characteristics. The phase, determined by geometrical- 
optics ray tracing from food to reflector, and hcnco to an aperture plane, is a constant 
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for any ray position. The use of any selected region of the paraboloidal surface 
does not affect the ray-path length, and so leaves the phase characteristics unaltered. 

The amplitude of the signal across the aperture is affected by the change to an 
asymmetrical surface. It is evident that the feed horn must be repositioned so that 
it points its peak intensity toward the reflector surface. In general, it is not centered 
on the reflector surface but is moved past the reflector in the direction away from the 
vertex. This noncentering arises from the fact that there is usually a considerable 
difference between the space attenuation at the two reflector edges. Since this 
attenuation is greater at the edge farthest from the vertex, the feed horn is positioned 
to compensate for the difference in space attenuation. 

The effect of the feed system on the radiation pattern can be analyzed by projecting 
the reflector surface and the outlines of the feed horn upon the aperture plane. If 
the feed horn does not lie on the projected surface area, then it will not affect the 
radiation pattern. For cases in which it lies on this projected area, its effect is a 
direct function of amplitude of the aperture field at that point. 

The improvement in match obtained from an asymmetrical reflector can be evalu¬ 
ated by determining the reflection coefficient corresponding to the asymmetrical 
siuface. Since the reflected signal which enters the feed horn still originates at the 
vertex, the only change in the previous formula for reflection coefficient would be a 
modification in the gain figure to account for the fact that the tilted feed has reduced 
gain in the direction of the vertex. 

Feed Horn off Focus. The problem of the radiation patterns to be expected when 
the feed-hom phase center does not correspond with the focal point of the paraboloid 
can be analyzed in two steps. The first, and simplest, occurs when the feed remains 
on the paraboloid axis. As the feed is moved toward the vertex or away from the 
vertex, it can be seen that the wavefront becomes convex or concave. For reasonable 
displacements of the feed, the corresponding phase error across the aperture can be 
represented by a quadratic function. With such a phase error, the pattern to bo 
expected can be conveniently analyzed through use of the Cornu spiral. < If the dis¬ 
placement from the focus is given as p, the phase error is pa:*/(2/* — 4/p), where / 
is the focal length. The resulting pattern, for a uniformly illuminated aperture, is 
given by the integral below: 

E{e) = exp (jt^) dt 

where a = —q(D/2) — (2r/q\) sin a, 6 = q{D/2) — {2Tr/q\) sin a, g* = p/(2/* - 4/p), 
and D is the aperture dimension in the plane of the pattern. In order to evaluate 
this pattern, one computes the values of the limits for various pattern angles a. 
These values represent arc lengths along the Cornu spiral. The straight-line distance 
between the limit points corresponds to the radiation field at the pattern angle used 
to compute that value of a and h. From the nature of this pattern computation, it 
can be seen that it is very diflScult to obtain pattern angles at which the field dis¬ 
appears. Therefore a general characteristic of feeds displaced from the focal point 
is the absence of deep nulls in the radiation pattern. The presence or absence of 
nulls can therefore be used to indicate the correct feed positioning at the focus of a 
reflector which satisfies mechanical tolerances. Other characteristics of the dcfocused 
radiation pattern are a reduction in gain and a tendency for the side lobes to increase 
and to merge into the minor beam as “shoulders.” These effects can be evaluated 
in a particular instance by using the Cornu spiral (see also Sec. 2.11). 

The radiation patterns which are found when a feed moves away from the axis are 
considerably more complex. For small displacements from the focal point in a plane 
normal to the axis and containing the focal point, the phase error has a cubic form 
(see also Sec. 2.11). 
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If the aperture illumination is represented by exp the pattern for small 

feed displacement p can be given by* 

E{e) - e’" cos j^|! + (w, + „a)yj dy 

where *; = 

w = M sin e/\ 

(Zirfp/2\)H 

This expression is known as the “Airy integral”; values of this integral for various 
values of w + V* are tabulated.* A plot of this function shows that the cubic phase 
error produces an asymmetrical pattern. On the side of this pattern nearest the 
reflector axis, a series of side lobes appear which decrease as one leaves the main 
beam. On the other side of the beam, the signal decreases without exhibiting any 
pronounced lobe structure. It has been customary to designate the side lobes in this 
pattern as “coma” lobes. These lobes represent the basic limitation in the use of 
the paraboloid with feed displaced from the axis, since they are excessively high before 
any reduction in antenna gain is apparent. 



FOCAL LENGTH / DIAMETER OF REFLECTOR 
Fig. 12-0. Beam widths off axis as a function of f/D ratio. 


For small displacements of the feed from the axis, it can be shown* that for a given 
position off axis, the patterns can be improved by increasing the focal length of the 
reflector relative to the aperture dimension and by increasing the illumination taper 
at the reflector edges. The number of wavelengths in the aperture has little effect 
on the side-lobe level, and this factor can be removed from an analysis of the problem 
by expressing the off-axis position in terms of “beamwidths off axis.” Figure 12-6 
shows the beamwidths off axis which can be scanned before side-lobe level of 15 db is 
reached. The two curves correspond to edge illuminations of 10 and 20 db. 

Beam Factor. When a beam is scanned off axis in a paraboloid, its angular position 
is smaller than the angular displacement of the feed horn. The ratio between these 
two angles was studied® and was found to depend on edge illumination and on f/D 
ratio. This dependence is shown in Fig 12-7. The points for zero displacement 
are calculated points, while the remaining ones are experimental. It can be seen that 
for large f/D ratios, the beam factor approaches unity. 

Ra<Uation Patterns from Paraboloidal Reflector. The problem of the analysis of 
radiation patterns from the simple paraboloidal reflector has been considered many 
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times by many different investigators. The most satisfactory work^ compared 
computed patterns with measured ones. This work considered a reflector whose 
edges formed an ellipse; a particular case would be the circular aperture. Other work 
considered rectangular or circular apertures which have less general application. 



BEAMWIDTHS OFF AXIS 

Fia. 12-7. Beam factor vs. / for D « 30". (Data taken at 9,376 Mo.) 


Since the side-lobe level is dependent on the outline of the reflector aperture, the 
elliptical aperture yields closer agreement with experiment. 

When an elliptical aperture has an illumination function 

^(iCi2/) = cos cos 

and a and h are the semimajor and semiminor axes of the ellipse, an accurate pattern 
can be obtained from the expression below: 




u — ak sin a, or hk sin jS 


The Q functions are tabulated in Table 12-1 for the pattern in the plan(‘ of the major 
axis (aperture dimension of 2a). For the pattern in the other principal i)hine, the 
indices of Q in the tabulation must be interchanged. An implicit assumpt ion in this 
calculation is that the field amplitude at any point can be found from the product of 
the field at corresponding points on the x and y axes. This assumption was investi¬ 
gated experimentally and found to be satisfactory. The patterns obtained from the 
formula above closely matched experimentally measured patterns, particularly as 
n^gards gain, beamwidth, and first side lobe. The position, but not the amplitude of 
other side lobes, was correctly predicted. It is well known that the side-lobe level in 
one priiKupal plane depends on the edge illumination in that plane; however. Ref. 7 
reveals the litth^-known fact that the edge illumination in the other plane will also 
influence the side-lobe level. Figure 12-8 shows the side lobes computed, using 
measured primary patterns. It can be noted that in the plane of varying illumination 
the level decreases with increasing illumination taper, while in the other plane a 
slight increase in side-lobe level is found. 
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Table 12-1. Table of Fimctioiis Used to Compute Radiation Pattern 
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tGio 
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»<780 

tOjx 
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0.00 

3.1416 

0.6088 

- 0.2124 

0.5688 

- 0.3042 

0.0032 

- 0.2124 

0.0032 

0.1820 

0 . 25 ir 

2.0042 

0.0753 

- 0.1882 

0.4764 

- 0.2369 

- 0.0224 

- 0.1980 

0.0042 

0.1670 


2.2674 

0.0400 

- 0.1032 

0.2366 

- 0.0637 

- 0.0808 

- 0.1622 

0.0060 

0.0034 

0 . 76 t 

1.4112 

1.2560 

0.0686 

- 0.0600 

0.2020 

- 0.1319 

- 0.0864 

0.0020 

0.0120 
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1.4040 

0.3435 

- 0.3042 

0.2855 

- 0.1332 

0.0032 

- 0.0152 

- 0.0684 
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- 0.0006 

1.4500 

0.7028 

- 0.4132 

0.3148 

- 0.0662 

0.0048 

- 0.0424 

- 0.1019 

1 . 50 ir 

- 0.3764 

1.2182 

1.0834 

- 0.3640 

0.2105 

0.0565 

0.1600 

- 0.0687 

- 0.1117 
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- 0.4154 

1.0250 

1.2478 

- 0.2912 

0.1366 

0.1230 

0.1918 

- 0.0766 

- 0.1069 

1 . 76 ir 

- 0.3004 

0.8045 

1.3001 

- 0.1980 

0.0444 

0.1850 

0.2020 

- 0.0780 

- 0.0976 
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- 0.2124 

0.3435 

1.5312 

0.0022 

- 0.1332 

0.2640 

0.1820 

- 0.0684 

- 0.0746 

2 . 25 t 

0.0141 

- 0.0331 

1.4530 

0.1532 

- 0.2416 
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- 0.0113 

- 0,0562 
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0.1090 

- 0.2380 

1.1679 

0.2024 

- 0.2438 

0.1600 

0.0178 
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- 0.2572 

0.7401 
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- 0.1612 
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- 0.0696 

0.1024 

- 0.0326 
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- 0.1448 
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- 0.0184 

- 0.1360 

- 0.1200 
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- 0.0139 

3 . 25 t 

- 0.0060 

0.0085 

- 0.0311 

- 0.0698 
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- 0.2180 

- 0.1174 

0.1004 

0.0163 

3 . 50 t 

- 0.1000 

0.1187 

- 0.2129 

- 0.1236 

0.1420 

- 0.2122 

- 0.0682 

0.0436 

0.0546 

3 . 76 t 

- 0.1240 

0.1424 

- 0.2279 

- 0.1064 

0.1143 

- 0 . 129 C 

0.0030 

- 0.0242 

0.0869 

4 . 00 t 

- 0.0772 

0.0807 

- 0.1274 

- 0.0390 

0.0300 

- 0.1034 

0.0632 

- 0.1765 

0.0980 

4 . 26 t 

0.0030 

- 0.0030 
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0.0378 

- 0.0403 
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- 0.0808 
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0.0084 

- 0.0765 
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0.0834 
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0.1243 
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0.0870 

- 0.0867 
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- 0.0838 

0.0092 

0.0212 

- 0.0126 

- 0.0204 
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- 0.0508 

0.0768 

0.0342 

- 0.0340 
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- 0.0310 
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- 0.0626 

5 . 25 r 

- 0.0010 

0.0021 

- 0.0032 

- 0.0228 

0.0204 

- 0.0401 

- 0.0622 

0.0663 

- 0.0763 

5 . 60 r 

- 0.0504 

0.0538 

- 0.0060 

- 0.0604 

0.0048 

- 0.0801 

- 0.0698 

0.0506 

- 0.0649 

6 . 76 ir 

- 0.0064 

0.0692 

- 0.0829 

- 0.0612 

0.0641 

- 0.0733 

- 0.0282 

0.0250 

- 0.0121 

O.OOt 

- 0.0424 

0.0447 

- 0.0526 

- 0.0290 

0.0205 

- 0.0302 

0.0140 

- 0.0180 

0.0317 

6 . 25 ir 

0.0012 

- 0.0012 

0.0018 

0.0160 

- 0.0100 

0.0211 

0.0460 

- 0.0477 

0.0664 

6 . 50 r 

0.0392 

- 0.0409 

0,0472 

0.0402 

- 0.0486 

0.0607 

0.0500 

- 0.0607 

0.0520 

6 . 76 ir 

0.0514 

- 0.0630 

0.0609 

0.0400 

- 0.0607 

0.0506 

0.0288 

- 0.0277 

0.0231 

7 . 00 ir 

0.0338 

- 0.0361 

0,0306 

0.0248 

- 0.0262 

0.0204 

- 0.0050 

0.0071 

- 0.0141 



H-PLANE ILLUMINATION (db) 

Fiq. 12-8. Sido-lobc level as a function of illumination. 

It should bo noted that side-lobe levels are independent of the polarization char¬ 
acteristics of the feed and so cannot be predicted to be higher or lower in the E or H 
planes. These lobes depend instead on the feed-horn pattern and on the reflector 
outline. The role of the reflector outline can bo understood if it is realized that the 
principal plane pattern is made up of contributions from weighted elements across 
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the corresponding line in the aperture; for example, a diamondnshaped reflector which 
has its greatest dimension in the horizontal plane will produce a pattern in that plane 
with very low side lobes. This is due to the fact that with given feed illumination 
the weighted illumination across the horizontal line in the aperture produces a taper 
considerably greater than that for a corresponding rectangular aperture. From these 
considerations it is evident that design information involving side-lobe levels will 
require an analysis of the contribution of every point in the reflector to a given prin¬ 
cipal plane pattern, rather than a consideration only of the points lying along the 
aperture line corresponding to the given principal plane. 

The analysis of Ref. 7 and other similar work predicted a gain for the paraboloid 
of 74 per cent of that obtained from a uniformly illuminated aperture. This is some 
0.6 db greater than that which has been obtained experimentally and is probably due 
to a neglect of back radiation from the feed horn or to the existence of cross-polarized 
energy. Experimental gain measurements have shown that with a large reflector a 
gain of 65 per cent of uniform-illumination gain could be achieved. 

The beamwidth predicted by the elliptical-aperture analysis can be expressed in a 
simple form. When an optimum in side lobes and gain is obtained, the pattern in 
either principal plane has a 3-db width given by a = 65®X/2>, where D is the aperture 
dimension in that plane. This formula has also been found satisfactory for use with 
an aperture of rectangular outline; however, some deviation is experienced in a reflector 
with a diamond-shaped outline, so that some thought must be given before applying 
this formula to any paraboloidal reflector. It should be noted that this beamwidth 
is obtained in a good design; an average paraboloidal antenna might have a pattern 
width given by 70°X/D. 

The side-lobe level to be expected from the reflector depends on the illumination, 
both in amplitude and phase, and on the reflector outline. Minimum side-lobe levels 
are obtained from a simple feed horn, a reflector with precision surface, and low edge 
illumination. Major variations in the reflector outline are not generally available to 
the antenna designer; if the outline can be modified, best performance is obtained 
when the reflector edge is distorted to form an acute angle. 

Gain of Paraboloidal Reflector. The reflector gain is less than that which could be 
obtained from a uniformly illuminated aperture. The reason for this is twofold. 
First, with conventional feed it is impossible to produce an illumination at the reflector 
edges equal to that at the center. Second, some energy from the feed system must 
spill over past the edges of the reflector so that it does not appear in the focused wave 
leaving the reflector. Many different analyses can be made on this decrease in gain; 
the final results depend on the approximations employed in mathematics. The best 
mathematical work predicts a gain of 74 per cent of that for the uniformly illuminated 
aperture, while careful experimental measurements indicate an optimum-gain figure 
of 65 per cent. At the present time, this difference is attributed to radiation from the 
feed horn in the form of back lobes and to the existence of cross-polarized energy. 

Early work on reflector gain considered systems utilizing dipole feeds. Because of 
the difficulty in controlling the amplitude and phase throughout a reflector aperture 
illuminated by a dipole feed, and because of the high back-lobe characteristic of those 
f(^odH, they see limited use in present applications. If such a feed system must bo 
iifl(Kl, maximum gain is obtained only by a cut-and-try procedure on the dipole 
diinenHions and position. In general, maximum gain might be obtained with the 
dipole displaced from the focal point so that a phase error exists over the aperture. 
It can be expected that the gain of this system would be somewhat less than that 
(‘inploying a horn at the focal point to give no aperture phase error. 

It is interesting to relate the reflector gain to its beamwidth. A useful gain formula 
based on experimental results is G = 27,000/a/3, where a and /3 are the 3-db beam- 
widths in the two principal planes. If we substitute into this formula the value of 
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a and ^ in terms of wavelength and aperture dimension, as given in the previous 
section, we find that for a circular aperture, the gain becomes 

_ _ 6.4f)» _ 0.66(4v)(t2)V4) „ 4vA 

® "X5-X*- 

This final expression for gain represents 65 per cent of the gain from a uniformly 
illuminated aperture, indicating that the experimental gain figure is consistent with 
the experimental beamwidth figure. 

For a given reflector, maximum gain is usually obtained with an edge illumination 
of about 12 db; however, this value can change with///) ratio of the reflector. More¬ 
over, for small f/D ratio, that is, for reflector subtending large angles at the local 
point, it is difficult to obtain a gain figure as great as 65 per cent. The reason for 
this can be understood by considering the twofold loss in gain described previously. 
For small values of f/D ratio, large space-attenuation factors are introduced in the 
edge illumination (Fig. 12-5). This means that for edge illumination of 12 db, the 
feed pattern in this direction might be down only 6 db (for f/D = 0.25). All the 
energy below the 6-db point is spilled over past the edge of the reflector and is lost. 
Larger values of f/D ratios yield less space attenuation, so that only energy below the 
10-db level will be lost past the reflector. Table 12-2 shows measured gain variation 
with//i) ratio. 

It should be mentioned that phase errors across the aperture affect the pattern gain. 
In a good design, these will be minimized by using a precision-surface reflector and a 
simple feed horn positioned at the focus. If some phase error must be accepted, gain 
can be optimized only by cut-and-try techniques. 

Table 12-2. Antenna Gain vs. f/D (10-db Illumination) 


f/D . 

0.35 

0.50 

0.75 

Gain. 

34.8 

35.0 

35.6 



12.8. PARABOLIC-CYLINDER REFLECTORS 

Another useful type of reflector is a parabolic cylinder whose elements are all per¬ 
pendicular to the plane containing a parabolic arc. Because this is a singly curved 
surface, the problems of construction and maintaining tolerances are somewhat easier 
than those encountered in the case of the paraboloid. It can be constructed of tubes 
or slats which are straight-line elements of the cylinder, or it can use identical parabolic 
arcs formed of tubes or slats and positioned so that their corresponding planes are 
perpendicular to the elements of the cylinder. 

The feed system for this type of reflector can be either a line source or a point source. 
The line source generates a cylindrical wave which becomes a plane wavefront upon 
reflection. The point source generates a spherical wave which becomes a cylindrical 
wavefront upon reflection, so that the effective combination produces a line source 
which is normal to the cylinder elements. If desired, an additional parabolic cylinder 
could be so positioned as to convert this cylindrical wavefront upon reflection into a 
plane wavefront; that is, a point source and two parabolic-cylinder reflectors will 
produce the same wavefront as a point source and a single paraboloid. 

Line-source Feeds. The more conventional use for the parabolic-cylinder reflector 
is in conjunction with a line-source feed. This source can assume many different 
forms, each of which can bo analyzed as a linear radiating aperture. In practice, 
this aperture is made to coincide with the locus of the focal points of the parabolic 
arcs, which is a line parallel to a cylinder element. 
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The early line sources utilized waveguide transmission line which energized a linear 
array of dipole elements. The design characteristics of such arrays have been con¬ 
sidered in Chap. 5. Another system utilized slot antenna arrays, such as those con¬ 
sidered in Chap. 9. A third technique employed the pillbox-type antenna, which will 
be described in Sec. 12.4. 

An important characteristic of these feeds is that they need not produce only 
cylindrical waves, but, as a feed for the parabolic cylinder, will prove just as effective 
when they generate a conical wavefront. It can be shown that a line source which 
has a linear variation in phase along its length produces a conical wavefront. This 
wavefront, upon reflection from the parabolic cylinder, becomes a plane wave propa¬ 
gated from the antenna at an angle whose direction is related to the angle of the cone. 
If the direction normal to the line source is used as a reference, then the reflected 
wavefront makes an angle with this direction equal to the half angle of the cone. 

The illumination problems of a line-source feed used in connection with a parabolic- 
cylinder reflector are quite similar to those encountered when a point source is used 
with the paraboloid. The two-dimensional analyses of the two antenna systems are 
identical; however, the space-attenuation factor and the minor-lobe problems are 
different. Since the decrease of energy in the cylindrical wave is inversely propor¬ 
tioned to the distance, whereas that in the spherical wave is inversely proportioned to 
the square of the distance, the space-attenuation factor for the line source is given by 
the square root of the figure for the point source. In decibels, one uses values of one- 
half those given in Fig. 12-5. 

The side-lobe problem for a line source feeding the parabolic cylinder presents the 
difficulty that the relative difference in gain between the source and the focused wave 
is not sufficient to depress the lobes from the source. This problem is particularly 
acute for a system in which the polarization of the line source is normal to the line 
of the source aperture. The radiation pattern in the plane normal to this is of the 
JS?-plane type, so that high side lobes are normally found. These lobes may be only 
10 db down from peak intensity. If the relative gain of the reflector is 10 db more 
than that of the source, the side lobes in the source pattern are only 20 db down in the 
flnal radiation pattern. Some success in reducing these side lobes has been achieved 
by adding choke sections to either side of the horn aperture. The design is achieved 
by experimental techniques. 

The feed-blocking problem for a parabolic-cylinder reflector is much more serious 
than in the case of the paraboloid because of the increase in feed size with respect to 
the size of the radiating aperture. This blocking will produce the pattern distortion 
described in Sec. 12.2. It is most significant in the plane normal to the line source. 
For this reason, an asymmetrical reflector is used so that the feed can be removed 
from the path of the reflected radiation. 

The size of the feed has indirectly restricted thc//2) ratio of the parabolic-cylinder 
antennas. From a consideration of the earlier material on paraboloids, it can bo seen 
that larger feed-horn structures are required to correctly illuminate reflectors of large 
ffD ratio. Therefore, in order to minimize the size of the line-source feed, smaller 
values of this ratio are chosen. A further advantage in the choice of small focal 
length lies in the fact that the structure supporting the feed and the reflector is mini- 
mizcid. The only apparent disadvantage lies in the fact that it is sometimes difficult 
to correctly illuminate reflectors of small //2) ratio. A very broad feed pattern is 
required, and for a given edge illumination a greater amount of energy is lost in 
^‘spillover.’' 

Parabolic Cylinders Fed by Point-source Feeds. The simple feed horn used with 
the paraboloid can also be employed with the parabolic cylinder. In such a case, 
the illumination considerations for the plane normal to the cylinder elements are the 
same as those considered for the paraboloid. In the other plane, the illumination 
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should be low enough so that spillover is minimized. It is interesting to note that 
the value of space attenuation as a function of angle in this plane is obtained from 
the square root of the value for the parabolic plane. For the parabolic plane, the 
decibel data of Fig. 12-5 can be used directly; for the other plane the value in decibels 
at twice the feed angle is halved. 

The wavefront produced by the point source and cylindrical reflector is a cylinder 
whose elements are normal to the elements of a parabolic cylinder. The radiation 
pattern to be expected from this combination will be a reproduction of the essential 
features of the source pattern in one plane and a directive, paraboloid-type pattern 
in the other plane. 

The best work on the parabolic cylinder fed 
by a point source is included in Ref. 8. Here 
low side-lobe level is achieved by removing the 
feed horn from the radiating aperture through 
use of a parabolic cylinder tilted forward, as 
shown in Ilg. 12-9. Focusing is obtained in the parabolic 
horizontal plane, while the feed-horn pattern is cylinder 
reproduced in the other plane. The height of 

the cylinder and the aperture of the feed horn fio. 12-9. Tilted paraboUe-cylinder 
are chosen to minimize spillover in the vertical reflector, 
plane. With this design, it was found that 

the maximum side lobes were not adjacent to the main beam but occurred at 
greater angles. These side lobes were 28 db down over a 200-Mc range at X band. 
The reflector used had an aperture of 5 by 1 ft with a focal length of IH ft; the angle 
of tilt of the parabolic cylinder was 12®. A brief study of variations in the aperture 
outline indicated that no appreciable improvement could be obtained by replacing 
the rectangular shape by an elliptical shape. 

In some applications, the size of the feed horn necessary to minimize spillover in 
the vertical plane may produce a vortical pattern narrower than desired. In this 
case, the surface used should depart from the cylindrical surface and permit some 
pattern divergence in the vertical plane. The problem becomes one requiring beam¬ 
shaping techniques. Some experimental work on such a system indicated that the 
side-lobe level (26 db) in the region of the main beam was greater than that obtained 
from the tilted parabolic cylinder. The vortical-plane pattern of this reflector showed 
some distortion without an appreciably greater beam width; it is possible that some 
further improvement in the design would produce the desired bcamwidth. 

Double Parabolic-cylinder Antennas. Since the antenna combination of the 
preceding section generated a cylindrical wave and since the parabolic cylinder is 
normally fed by a cylindrical wave, the addition of a second parabolic cylinder to the 
system described in the previous section will produce a combination of reflectors 
generating a plane wave. The use of a point-source food and two parabolic-cylinder 
antennas then produces a final wavefront identical with that which could be obtained 
from a paraboloidal reflector. 

If the equation of the first cylinder is given by = 4/®, with / the focal length, 
the second cylindrical surface is given by (a; +/)* = 4/(z -|-/) and the final rays are 
all parallel to the z axis.® The curve of intersection between the two surfaces is 
given in parametric form by x = 1^/2, y ^ z ^ ^ 1)2/8 - The curves 

of intersection, resulting when the two cylinders are developed into a plane, can 
be obtained from Ref. 0. 

Since the first cylinder produces a lino source, existing design techniques can be used 
to obtain a second cylinder which will produce a shai>ed beam. Another use for 
this antenna system arises when it is desired to minimize the cross-polarization com¬ 
ponent of the radiated field. If the polarization of the food horn is parallel to the 
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elements of the first refiecting cylinder, the final field across the aperture plane has 
only this component. 

Experimental data on this antenna indicated that good patterns could be obtained 
in the H plane but that a side lobe of about 15 db appeared on one side of the ^-plane 
pattern. It is not known whether this is a basic limitation on the antenna; presumably 
some work on the feed horn will reduce this lobe. 

Typical Pattern and Gain Performance. The patterns and gain obtained from the 
parabolic-cylinder refiector can be predicted from physical reasoning based on the 
pattern discussion of Sec. 12.2. The pattern in the plane of the cylinder elements is a 
reproduction of the feed pattern in that plane, with the addition of some diffraction 
effects. If the intensity of the field at the reflector edges is small, these effects are 
minimized. In the other plane, since the weighted illumination is no different from 
the illumination in any cross section, and since there is no shaping of the reflector 
outline, the side-lobe level will be slightly higher than can be obtained from a 
paraboloid. 

Two different side-lobe problems arise in considering the symmetrical and asym¬ 
metrical cylinders. In the symmetrical case, the side lobes are increased by the 
presence of the feed structure blocking the reflecting radiation. In the asymmetrical 
reflector, the illumination across the aperture is not symmetrical, which results in a 
reduction in the null between the main beam and first side lobe, as well as a slight 
increase in the side-lobe level. 

The gain which can be achieved in practice from the two reflector types is limited 
by feed blocking in one case and asymmetrical illumination in the other, so that some 
difficulty occurs in trying to obtain the gain factor (80 per cent of uniform illumi¬ 
nation) predicteil from analytical considerations. The value of gain which can be 
realized is of the same order as obtained from a paraboloid of equal size, namely, 
65 per cent of uniformly illuminated aperture gain. 

12.4. REFLECTORS FOR PRODUCING LINE SOURCES 

The reflector-type antenna offers a very simple means of obtaining a line source 
because of the relative feed simplicity when compared with the feed configuration of 
an array antenna. The basic reflector system which has seen the greatest use is the 
pillbox antenna, or as it is called in England, the cheese antenna. Tlu^re arc three 
principal types of pillbox antennas, namely, the simple pillbox, the half pillbox, and 
the double pillbox. These will be considered in turn in the following subsections. 

Simple-pillbox Antenna. The pillbox antenna is made up of two parallel plates 
connected by a parabolic-cylinder reflector whose height is equal to the plate spacing. 
The feed is placed in the focal region of the reflector so that it lies in the middle of 
the radiating aperture. 

Many different feed configurations have been utilized in an attempt to minimize 
the inherent problems of feed blocking and of reflector mismatch. Since these 
problems were mentioned previously in connection with other reflectors (Sec. 12 2), 
th(^y will not be discussed further. The simple waveguide feed has proved to be the 
device with the most bandwidth and the best system for dependability. The next 
most popular feed system involves a unipolc or stub-type antenna with a reflector. 
Suc.li a feed is useful for UHF pillboxes, but docs not have the front-to-back ratio which 
can be obtained from the waveguide feed. 

()ne system considered in an effort to minimize feed blocking involves a waveguide 
feed for a slot radiator in one of the parallel plates. Improved fn)nt-to-back ratio is 
obtaimal by introducing a quarter-wavelength stub in the parallel plates at a distance 
one-quarter wavelength away from the slot feed (Fig. 12-10). Unfortunately, no 
great success has been achieved with this system, since the slot which is intended to 
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serve as the reflecting element for the primary radiation also has some effect on the 
secondary radiation focused by the reflector. 

Another feed problem of some interest is that of adequately illuminating the reflector 
surface. For mechanical convenience, many pillbox antennas have utilized the para¬ 
bolic arc out to the point where the feed angle is ± 90“. This corresponds to a focus- 
in-facc reflector in which the focal point lies in the aperture. As can be noted from 
the previous discussion of reflector illumination (Sec. 12.2), the feed system should 
provide a very broad primary pattern, broader than is 
normally achieved with an unflared waveguide. If such 
a reflector type must be used, a broad-beam horn can 
be used for if-plane beam broadening and a simple wave¬ 
guide of small ^-plane width can be used to obtain J^-plane 
broadening. 

Many pillbox antennas have been of the H-plane type, 
in which the electric-field vector is perpendicular to the 
parallel plates. In such an arrangement, no close tolerances 
on plate spacing are introduced. Some success has been 
achieved in the J^-plane-type pillbox where the electric field Fio. 12-10. Slot feed for 
is parallel to the plates. One advantage of this pillbox lies PiAbox antenna, 
in the case of obtaining satisfactory illumination from a 

horn with thin -B-plane dimension. Such a horn also introduces less feed blocking. 
Closer tolerances on plate spacing are required. However, metallic pin supports 
can be introduced throughout the region between the parallel plates without harmful 
effect, since such pins are normal to the electric field. 

It should be noted that the presence of the feed in the aperture not only introduces 
the well-known shadow effect, which effectively removes a portion of the radiating 
aperture, but it also introduces reflected radiation due to the finite dimension of the 
feed in the direction of propagation. This second effect is independent of polarization 
and appears in both the E-plane and H-plane pillboxes. Experimental investigation 
showed that these reflections can be reduced by coating the outer surface of the feed 
structure with an absorbent material. With such absorbing material, deeper nulls 
and more symmetrical side lobes were found, so that the radiation pattern approached 
the theoretical prediction. 

One problem encountered in simple pillboxes has been the effect of the back lobe 
of the feed on the pillbox pattern. Some improvement in back-lobe radiation from 
the feed horn can bo obtained by use of flanges of various shapes and orientations in 
the region of the feed-horn aperture. However, in the pillbox, the use of flanges 
increases the shadow area and so alters the aperture distribution even more, with a 
resulting increase in side-lobe level. 

Half-pillbox Antenna. A considerable improvement in pillbox performance can bo 
obtained if the feed system is removed from the aperture. This is accomplished, as 
in previous cases, by using an asymmetrical reflector. The reflector which has seen 
the greatest use in this application consists of the parabolic arc, one end of which is 
the vertex point while the other end corresponds to a point at a feed angle of 90®. 

The problems arising in the half-pillbox antenna arc not severe, but they must bo 
considered in the design. The first of these is the asymmetrical illumination, which 
has been mentioned in connection with previous asymmetrical reflectors. A careful 
study of this problem by Kiely*" has indicated that little general improvement could 
be obtained by introducing a more complex feed structure which might result in a 
symmetrical illumination. A problem of more importance is related to the spillover 
radiation from the edge of the aperture at the 90® point. Because of the relatively 
low gain of pillbox antenna compared with its feed, direct radiation from the feed horn 
can give rise to wide-angle side lobes about 90® away from the main beam. It was 
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found in one application that these side lobes could be maintained below 26 db by 
tilting the horn to reduce the illumination in the 90° region. Too great a horn tilt 
reduces the effective aperture and hence the pillbox gain. Thus a compromise must 
be made between low spillover, which gives rise to wide-angle side lobes, and acceptable 
performance in the region of the main beam. As a rule of thumb, the horn axis should 
bisect the ^° angle subtended by the reflector edges at the focal point. With this 
type of design, the side lobes in the region of the main beam can be maintained at a 
28-db level. It was found that these side lobes, unlike those of the simple pillbox 
(17 to 25 db), were relatively independent of frequency. 

Double-pillbox Antenna. Another possibility for minimizing feed blocking is 
obtained if the pillbox is formed as two sets of parallel plates, one containing the 
incident field and the other the reflected field. The refiector can be one of two forms, 




Fig. 12-11. Transition regions in double-layer pillbox. 


the simple parabolic cylinder with an adjacent coupling slot or the more complex 
reflector whose center section is the parabolic cylinder but whose upper and lower 
sections are parts of conical surfaces (Fig. 12-11). A considerable amount of the work 
has been done on the reflector system used with the double-pillbox antenna. Early 
work assumed that the pillbox regions could be replaced by simple waveguide. With 
this assumption, information was obtained as to the slot width in terms of the total 
rclloctor height. Some brief experimental work indicated that this technique was 
satisfactory. The following is one formula for the slot width in the region adjacent 
to the simple parabolic cylinder: slot width equals 0.7 spacing between plates (for 
septum plate thickness approximately one-tenth the plate spacing). 

For the more complex reflector, a study was made of the desired configuration as 
three plane reflectors instead of the cones and cylinder. These results wore not applied 
directly to the problem of the double pillbox, but they did indicate that the optimum 
conliguration depended on the angle which the incoming rays made with the reflector 
surface. Since in the pillbox this angle varies across the reflector, it appears that the 
reflector cross section should not be the same for all feed angles. A rigorous solution 
of this type of reflector can probably bo obtained from a consideration of the geodesic 
paths followed by the rays on a mean surface (Chap. 15). 

The experimental double pillboxes have been found to give satisfactory performance 
with side lobes of the order of those obtained in the half pillbox if the correct mcchani- 
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cal configuration is maintained. The biggest problem in this type of pillbox is that 
of supporting the central region. This is particularly severe in the case of the £f-plane 
pillbox whore simple metal pin supports cannot be used. Some work has been done 
on metal supports which are tuned, so that over a limited frequency band they intro¬ 
duce little interference in the radiation pattern. However, as yet, no pillboxes with 
low side-lobe levels have been constructed using the tuned metallic supports. 

Typical Patterns and Gain Performance. The gain which can be achieved from a 
pillbox is approximately 60 per cent of the gain from a uniformly illuminated aperture 
equal to the pillbox aperture. This gain figure is reduced in the simple pillbox if the 
feed horn is large compared with the pillbox aperture. It is reduced for any type of 
pillbox if the aperture in the plane perpendicular to the parallel plates is made exces¬ 
sively large. A large aperture in this plane is usually obtained at the expense of a 
quadratic phase error which quickly reduces antenna gain. If a large aperture must 
be used, this phase error should be corrected by a lens mounted in the aperture. 

The side-lobe levels which have been achieved with the simple pillbox are as low as 
24 db; however, this low level is obtained only over a narrow frequency band where 
the back radiation from the feed and the side lobes from the aperture can be made to 
cancel. With a 2 per cent variation in frequency, the side lobe may increase to as 
much as 14 db down. 

The side lobes from the half cheese can be hold to 28 db in the neighborhood of the 
main beam. However, a lobe of the order of 26 db appears 90® away from the main 
beam. For the double-cheese antenna, side-lobe effects at the present time appear to 
be associated with the reflector connecting the two sections of the pillbox. No 
extensive work has been done on this system, so that, as yet, side-lobe levels as good 
iis those of the half cheese have not boon obtained. 

12.6. SHAPED-BEAM ANTENNAS 

The design of reflectors which produce shaped beams can bo based on the concepts 
of geomotrical optics, whereas patterns of high-gain, pencil-beam reflectors cannot be 
predicted by geometrical optics. The reason behind this difference can be traced to 
the reflected wavefronts produced in the two cases. In other high-gain antennas, 
the reflected wavefront is a plane and the radiation pattern is obtained from the 
Kirchhoff diffraction theory of physical optics. In the shapod-bcam antenna, a 
limited section of the wavefront may bo a plane, but in the region where the beam is 
shaped, the wavefront has much greater curvature and geomotrical-optics techniques 
can bo applied. 

In a curved wavefront, the region in the neighborhood of a ray tends to bo in phase 
at the far-fiold direction corresponding to that ray, whereas energy in the neighborhood 
of other positions on the wavefront has more rapid phases variations for this far-ficld 
point. These phase variations cause field cancellation, so that the contribution from 
most of the wavefront is small. Therefore the radiation pattern is determined as a 
point-to-point geometrical relation in which each pattern point corresponds to a point 
on the curved wavefront. Because this correspondence is not exact and because some 
energy at each pattern point is contributed by other sections of the wavefront, slight 
amplitude variations, not predicted by geometrical optics, appear in the radiation 
pattern. Those variations are minimized only by maximizing phase variations across 
the wavefront, which, for a particular wavefront, corresponds to increasing the number 
of wavelengths in the radiating aperture. For this reason, when a particular beam 
shape is rcfiuircd, a minimum deviation is obtained through use of the largest permis¬ 
sible reflector surface. 

Singly Curved Reflectors. This problem is essentially two-dimensional, so that 
ray paths can be restricted to a plane and the cylindrical-reflector surface can be 
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obtained from its plane-curve generator. The basic concepts for the design of a 
singly curved reflector are simple; the desired shaped-beam pattern is obtained, point 
by point, from the primary feed pattern. The problem presented is that of forming 
the reflector to make any particular segment of primary-pattern energy appear at 
the desired point in space. Two basic conditions must be satisfied. First is that of 
the energy correspondence between primary J(0) and secondary pattern P(B), which 
can be expressed as 

flp{e)d6 [* !(<!,) d4> 

I P(e)de / !(<!>) d4> 

J6i J 4>i 

where <l> and 0 are the primary- and secondary-pattern angles and the subscript values 
correspond to the reflector limits. The second condition, obtained from the geomet¬ 
rical optics of Sec. 12.1, relates the angle of incidence to the radius vector defining the 
surface: 

p' X . X 4 > - 0 

— *= tan i = tan -—j— 

p 2 

The relationship between 0 and ^ obtained from the first expression can be substituted 
in the second expression so that a differential equation is obtained between the radius 
vector p and the feed angle <f>; this relationship defines the desired reflector curve. 

The most difficult part of the shaped-beam problem is that of computing the desired 
curve from the above expressions. Quite often the first expression must be solved 
graphically so that the differential equation also requires a graphic solution. If the 
functions P(0) and I(<f>) are integrable, then the first expression can be solved for 
$(<p) and the second expression becomes 

Ini = 

Pi J<P\ 2 

and the integral is evaluated by numerical methods. If the pattern fuiuitions are 
not integrable directly, numerical methods are used. First, a plot is made of the 
pattern functions. Next, the four integrals in the first expression arc evaluated by 
obtaining the corresponding areas under the curves. For the integrals with variable 
upper limits, many different values of the area must be found, corresponding to 
different values of the variable. With this information,'* it is possible to obtain the 
two curves of Fig. 12-12. These curves are used to obtain the desired value of 0 for 



Fio. 12-12. Relationship between feed angle and pattern angle in shaped reflector. 
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any given value of <l>. Knowing this, tan - 0(^)]/2} is plotted and the integral 
evaluated so that p(^), the desired curve, can be obtained. 

Doubly Curved Reflectors.The problem of beam shapixig becomes somewhat 
more complicated when it is desired that the reflector should shape the beam in one 
principal plane and focus it in the other plane. Since the problem is a three-dimen¬ 
sional one, the possibility also exists that the feed might not produce a simple spherical 
wavefront but might also yield a cylindrical surface, a football-type surface, or any 
one of a number of other surfaces. Fortunately, all feed systems of interest have a 
circular wavefront in the plane of beam shaping, so that techniques similar to that 
employed in the previous section can be utilized to determine the surface cross section 
in that plane. The existing techniques consist of forming the reflector surface from the 
plane-curve cross section, which serves as a “spine,*’ and a series of other plane curves 
which are attached as “ribs” to the spine, ^me question has arisen regarding this 
general technique, but it has been found to produce satisfactory experimental results 
for cases in which the beam shaping is desired over a limited angle. This problem 
may be studied more carefully for application to beam shaping over wider angles. 

The plane curve, identified as a spine above, has been called the central-section 
curve. This curve is found in a manner quite similar to that described in the pre¬ 
ceding section. The design equations for the feed with spherical wavefront are 
obtained, using the same quantities as before: 



The major difference between these exprossions and the previous ones occurs in 
the presence of p under the integral sign. The integration can bo carried out as 
before if first p is assumed to be a constant over the shaped portion of tho central- 
section curve; then follow a parabolic arc [p ™ sec* ((^/2)] over tho region which pro¬ 
duces the main beam. With this assumption, the procedure is identical with that of 
the last section for obtaining tho function p(<p). This function represents a closer 
approximation to the correct value than the original assumption- When it is used 
as the value under the integral sign and the entire procedure is repeated, a new value 
of p(<p) is obtained which is as close to the true value as necessary in any practical case. 

A discussion of the rib curves will indicate the limitations in tho present techniques. 
In order to obtain the ribs, it is customary to consider an incoming bundle of rays 
from the secondary pattern angle $. For beam shaping in the vortical plane, this 
bundle of rays is confined to a plane making an iinglo 6 with the horizontal plane. It 
is required that the reflector surface direct those rays to the feed position. Figure 
12-13 shows two parallel rays in this piano which intersect tho reflector in the 



Fio. 12-13. Geometry of three-dimensional shaped roflootor. 
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curve AA' The rays between the points A and A' are reflected to lie on a conical 
surface with apex at the feed. comcai 

^ transmit case and a plane sheet of rays emanating from the 

feed point, they would intersect the reflector in a curve A A' and the reflected rays 
’® ® cy (Weal surface tilted at an angle of S with the horizontal plane. It 

should be apparent that although they have the same end points, the plane curves A A' 

!hs® ^® understood smee 

t IS toown that, y focusing is desired, the reflector surface in the neighborhood of the 

^ a paraboloid. The plane curve cut by this paraboloid 

^ coMider the intersection caused by the transmit plane passing 
t^^ a focal point and that caused by the receive plane inclined at an angle 9 to 
toe horiMntal. It is difficult to make a choice between the two curves, although 
the great majonty of existing efforts has chosen the receiving-plane case. A com- 
promise rolution might be the plane bisecting the angle formed by the transmitting 
and receiving plane. The parabolic curve for the receive case mentioned above is 


y* = 4zp cos* 


9 <p 


Here z IS the coordinate measured from the point A' away from the reflector and y 
M the orthogonal coordinate. It should be noted that each of the rib curves is a 
parabola lying in a different plane; when the reflector surface is formed, the planes of 
vanous parabola ribs must be inclined at the corresponding angles. 

All the ^evious expressions yield only normalized coordinates for the surface; 

oonve^d to usable dimensions before the reflector can be constructed, 
*^® central-section curve as large as possible in order to mini- 
.«iiff 5 action effects on the shaped-beam pattern. In the other plane, the 
refector size is chosen to produce the desired beamwidth. The feed angles associated 

Tt- ®*“i^a,r to those of the simple paraboloid. 

It m desirable that the aperture illumination be 10 db down at the reflector edges. 

so “ spherical wavefront, 

wW^n? already described may not apply. One incident 

which has been of interest is a football-type surface, which is produced by 
shlni^ ^ge-aperture dimension in the plane of focusing; in the beam- 

u “ aperture. The football surface arises from the 

toe cetter of Z ■ T “ *^® ®P®rture whereas 

to^center of phase m the plane of focusing occurs at the input waveguide to the short 

Th® football-type wavefront surface can be handled by modifying the integral 
relatiMship between ^ and 9 and the parabola ribs. In the integrals, p will bo replared 

TL^nlrni ' 1® ‘h®‘>™ension from the waveguide input to the horn aperture. 

The parabolic ribs for this case are altered so that they are given as 

If* - ‘2zp cos (9 -f- 0) - 26 Vp’ + z* - 2zp cos |S -|- 2[(p + b)z + p6] 

The parameters here are identical with those given previously, 5 is the horn length 

previously (loscribod, and 3 = 9 -t--/no uoru leugm 

hbr a general-incident wavefront surface, no formulas are available; however, the 
des^n can bo carried out if it is realized that the final wavefront should be a cylhider 
whose generating curve can be found once the central-section curve is known. If 

ii LT,T W t*^® P*®"® ®f the desired central-section curve, this curve 

IS obtained by the techniques used for the singly curved reflector. Once this curve 

obtiinnH"?*' ® th® reflected wavefront 

obtained from an mcidcnt circular wavefront. Another means of obtaining this wave- 
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front would be to use the analysis of Sec. 12.1 to obtain the reflected curve in terms 
of the incident wavefront and the reflector surface. Once the reflected curve is 
known, the corresponding cylinder can be found, and using the techniques of Ref. 1, 
the reflector surface can be obtained. 

Paraboloids with Extended Feeds. It has been indicated above that beam shaping 
is obtained by producing a cylindrical reflected wavefront. In general, this wavefront 
was produced by a simple point-source feed and a variation in the reflector curvature. 
However, from what has been said about the relationship between incident-wavefront 
reflector surface and reflector wavefront, it is evident that the reflector could be 
chosen as the simple paraboloid and the incident wavefront could be tailored to give 
the desired reflected wavefront. The problem of shaping the incident wavefront is 
somewhat more difficult than that of shaping the reflector because of certain inherent 
physical limitations. It has been found experimentally that the wavefront in the 
neighborhood of a feed system varies somewhat with distance from the feed in a very 
complex manner. For this reason, and because of the fact that the desired wavefront 
can be obtained only from a very complex feed system, most shaped-beam antennas 
have represented only a limited approximation to the desired incident wavefront. 
This approximation can be achieved by utilizing three separate feeds, in other words, 
the continuous feed is replaced by three discrete elements. The amplitude and phase 
of these elements are chosen so as to approximate the desired pattern. In general, 
one source provides the main beamj the second source, of reduced intensity, produces 
a beam whose peak is displaced from the main beam; and the third source, of even 
less intensity, completes the coverage with a third beam. Another feed system 
which has been used involves an array of slots, or of dipoles, arranged to approxi¬ 
mate a desired incident wavefront. The design of this array has been found to be 
even more difficult than that of normal arrays because of the fact that some experi¬ 
mental variations were necessary in order to obtain the desired beam. 

One further technique which has been studied involves a feed system in a parallel- 
plate region. The incident wavefront in the plane of the plates can be conveniently 
obtained by shaping a reflector between the plates. Energy from a simple feed is 
introduced between the plates, reflected, and appears at the plate aperture with the 
required phase and amplitude distribution. 

Typical Pattern and Gain Pezformance. The patterns which can be achieved with 
a single curvature reflector are dependent, in the shaped-beam plane, on the size of 
the reflector in wavelengths and, in the other plane, on the basic pattern from the feed 
structure. Since most line-source feeds can be designed to give side lobes better than 
26 db, it can be expected that these lobes will be obtained in the plane of focusing. No 
analysis has been made of the degree of ripple obtained in the shaped-beam pattern 
as a function of aperture width; however, with low illumination taper at the reflector 
edges and with an aperture width at least 15 wavelengths across, the pattern ripple 
can be hold to less than 2 db from the desired curve. 

The patterns which can be expected from the doubly curved surface are quite 
similar in the plane of beam shaping but vary in the other plane. The side-lobe level 
in the plane passing through the main beam is as good as 25 db; however, in all other 
planes, the side lobes are higher and they tend to increase with increasing angles. 
Up to 30®, these lobes can be held between 18 and 20 db; from 30 to 60®, these lobes 
will get as high as 15 db. Somewhere in this region, the cross-polarization lobes rise 
to about 15 db; those lobes are diminished by using long focal-length systems. All 
these side-lobe values are referred to the peak signal in the elevation plane under 
consideration. 

The gain of the shaped-beam antenna depends on the degree of beam shaping 
required, since the energy in the region away from the main beam must be subtracted 
from the main-beam energy. In most designs, this results in a gain reduction of the 
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order of 2 db. No great change in this gain figure occurs in conventional shaped- 
beam antennas as one goes to greater angles; since relatively low signal is required 
at these angles, very little intensity must be subtracted from the main beam to provide 
this coverage. 

12.6. MISCELLANEOUS REFLECTOR TYPES 

Most of the discussion up to the present time has been based on the simple parab¬ 
oloidal reflector. However, many other reflector types have been used in the past, 
and it can be expected that even more will be found in the future. Every known 
type of microwave reflector has a design which is based on geometrical optics tech¬ 
niques, so that consideration of these types can be facilitated by the use of the informa¬ 
tion in Ref. 1 concerning general reflectors and wavefronts. For simple systems, 
the complexity of this treatment is not necessary, but instead normal plane geometry 
can be used. 

Shielded Reflectors. One very successful reflector system, which is very useful in 
reducing wide-angle radiation, is the horn paraboloid, shown in Kg. 12-14. Its 



Fio. 12-14. Horn-paraboloid reflector H.vHtoni. 

action can be understood by noting that the paraboloidal section is far removed from 
the vertex point, but it nevertheless accurately focuses the energy incident from the 
focal point. Stray radiation is minimized by extending the sides of the feed until 
they touch the paraboloid surface on throe sides. On the fourth side, an opening is 
left for the reflected rays. Although this type of structure is very useful in minimizing 
wide-angle side lobes, it has no significant effect on the close-in side lobes caused by 
the normal diffraction effects. 

The design of this reflector normally involves a horn length at least as great as the 
aperture dimensions. If a wide flare angle is used in an attempt to reduce the horn 
length poor pattern characteristics are found. This is undoubtedly duo to the fact 
that the geometrical-optics approximations, normally used to relate the feed-horn 
radiation to the aperture illumination, are no longer valid. The reflector portion of 
the assembly is not in the far field of the horn aperture, so that the system cannot bo 
examined on the basis of standard feed-horn and reflector techniques. 

Another poasibility for reducing wide-angle radiation involves the use of a cylindrical 
shield around the reflector and the feed to reduce lobes associated with direct radiation 
from the feed horn. The shielded assembly minimizes this direction radiation, but 
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it is not as satisfactory as the horn paraboloid discussed above. Energy across its 
aperture is made up of fields reflected from the antenna, as well as direct radiation 
from the feed, whereas the energy across the aperture of the horn paraboloid consists 
primarily of reflected energy. The principal advantage of the shielded reflector over 
the horn paraboloid lies in its compact configuration. 

Point-source to Point-source Reflectors. For some applications, it is desirable to 
produce a virtual source from a given real source. For example, it may be desirable 
to position a real source at the vertex of a paraboloidal reflector and utilize some sur¬ 
face between the vertex and the focal point which images the real source into a virtual 
source located at the focal point. The resulting antenna system, a counterpart of 
the optical Cassegrain system, will then have a focused beam, since the paraboloid 
is energized by a source which is apparently at the focal point. 

It is first obvious that the reflector surface desired must be symmetrical about the 
axis joining the two sources. If a cross section of the reflector is known, the complete 
surface can be formed by rotating this reflector arc about the axis. Figure 12-15 



indicates the geometry of the two-dimensional problem. The reflected rays should 
appear to originate at the point u, or in other words, rays from the real source shall be 
reflected to form a spherical wavefront with center at v. Since in the figure we require 
that A -h E be a constant and r B should be a constant, we find that the surface 
is determined by the fact that A — r is a constant. From analytic geometry, it is 
known that the locus of points satisfying this condition is a hyperbola. This curve 
can then be written as 


a ± c cos ^ 

The quantities here are indicated in the figure. The plus-or-minus sign corresponds 
to two possible reflector surfaces, one concave and one convex. 

Another possible reflector for translating a point source into a point source is an 
ellipsoid. The ellipse cross section is given by 

a* — c* 

r = —i- - 

a -t c COB d 

where the quantities are the same as in Fig. 12-15. 

For application to the paraboloidal reflector mentioned in the first paragraph above, 
three surfaces are possible, namely, the ellipsoid and the two hyperboloids. For 
practical application, the ellipsoid, which must be mounted at a greater distance 
from the reflector, is not satisfactory. Of the two hyperboloid surfaces, the one which 
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can be mounted farther from the reflector illuminates typical reflectors better than 
the nearer, which requires a paraboloid with large //D ratio. When the real source 
is moved from one focal point of the hyperboloid system, the image source will move 
away from the other focal point but will, at the same time, become distorted. Any 
great motion of the real source produces a poor image. 

Point-source to Line-source Reflectors. It has already been mentioned that the 
parabolic-cylinder reflection will convert a point source into a line source. However, 
this property is not unique for this reflector. Other surfaces'* capable of accomplish¬ 
ing the same result have been designated as hypar and elpar surfaces. These have 
principal plane sections which are hyperbolas, parabolas, and eUipses. It can be 
seen that in the plane of the parabola, rays from the feed source can be focused to be 
parallel, whereas in the plane of a hyperbola (or ellipse), the rays can be reflected 
so that they appew to come from a virtual source point. This does not prove that 
the reflected wave is a cylindrical wavefront, but only indicates that the cross sections 
of this wave in. the two principal planes correspond to those of a cylindrical wave. A 
general reflector can be obtained by assuming that the point source lies at the coordi¬ 
nate value (d, 0,0) and that the line source coincides with the z axis as in Fig. 12-16. 


z 



By taking a general ray not lying in either principal plane and requiring tliat it have a 
(constant patli length between the point source and the line source, it can be shown 
that the reflector surface is given by the following expression: 

V(r sin 0)2 + (r cos 5 - d)* + + r = 2xo - d 

or 

y/(x- d)* -I- j/* -f- -I- V®* + ?/• - 2x0 - d 

All quantities in this expression are shown in Pig. 12-16. If one sets 6 equal to a 
constant, it can be shown that all such sections of the reflector are parabolas, whereas 
setting z equal to a constant yields ellipses in those planes. 

A reflector directly related to that indicated above involves cross sections which 
are hyperbolas rather than ellipses. The mathematics is similar. Using the quanti¬ 
ties of Fig. 12-16, we have the expression 


V(r sin 0)‘ + (r cos e - d)’ + z* - r - ±(2*o - d) 
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The plus-or-miiius signs indicate two possible surfaces, one concave and one convex. 
Here it can be shown that the planes B equal constant intersect at the surface in 
parabolas and the planes z equal constant intersect it in hyperbolas. 

Wide-angle Reflectors. In recent years, a considerable amount of interest has 
been expressed in stationary reflectors which produce a scanned beam obtained by a 
motion of the reflector feed. Such beams are not perfectly focused for all positions 
of the feed, but by proper design of the reflector surface, it is possible to obtain pattern 
characteristics which vary only slightly with feed motion or beam scanning. Most 
of these reflectors are based on the use of a circular arc in the plane through which the 
feed moves. The surface itself is formed by rotating a plane curve which intersects 
the circular arc about some axis perpendicular to the plane of the arc. These surfaces 
are all similar to the torus and therefore can be designated as toroidal surfaces. 

One particular example of the toroidal surface is the sphere. Here a circular arc 
is rotated about an axis to generate a spherical surface for wide-angle scanning. It 
is shown in Ref. 5 that a spherical reflector of the same general configuration as a 
paraboloidal reflector had off-axis characteristics similar to those of the paraboloid. 
Therefore the spherical surface is useful for wide-angle performance only when a 
limited sector of the surface is illuminated at any one time. This illumination of a 
limited sector is associated with the toroidal surfaces used for wide-angle performance. 
If a limited portion of the spherical reflector is energized, the feed should be close to 
the half-radius point. However, where greater portions are illuminated, it is neces¬ 
sary that the feed bo brought nearer to the reflector. An expression for the distance 
from the feed position to the center of a unit radius sphere is: 

d “ (1 - \/r=T»)/r* 

where r represents the normalized radius of the effective aperture. This aperture is 
determined by the fact that energy striking the spherical surface at wider angles 
cannot be focused. It has been found experimentally that values of d much greater 
than 0.56 yield an inefficient aperture. 

More satisfactory wide-angle toroids than the sphere are the parabolic torus^* and 
the elliptic torus. It is evident that the substitution of a parabolic curve as the 
generator yields a surface which is a compromise between the paraboloid and a sphere. 
This compromise results in improved pattern performance in one principal plane and 
so is very desirable from a practical standpoint. A satisfactory design was achieved 
by utilizing a parabola whose focal length was 45 per cent of the radius of the circular 
arc. The sector of a parabolic arc utilized subtended a total angle at the focal point 
of approximately 90®. Two versions are possible, namely, one in which the angle 
lies entirely to one side of the parabola axis, so that an asymmetrical reflector is 
obtained, and the symmetrical reflector in which the axis bisects the subtended angle. 
The most satisfactory reflector proved to be the asymmetrical one. Good pattern 
performance was obtained in both principal planes, but high side lobes were found in 
other planes. 

Another asymmetrical toroidal surface which has been considered proved to be 
based on an ellipse as the generating curve. This configuration was arrived at by a 
computational technique in which many reflectors were investigated and one chosen 
which minimized aperture phase errors. It was found that the curve which most 
closely fit the computed points was an ellipse with eccentricity of 0.986, that is, an 
ellipse which closely approaches the parabola. Here the focal length was 44 per cent 
of the radius of the circular arc, and the near focal point of the ellipse was at 46 per 
cent of the radius. 

It is characteristic of all toroidal surfaces that a certain geometrical-optics phase 
error is inherent in the reflected wavefront; the paraboloid is the only surface which 
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focuses a point source into a plane wave. Because of this phase error, a basic limita¬ 
tion on beamwidth arises. In attempting to obtain narrower beams, the physical 
amount of geometric phase error measured, perhaps in inches, increases rapidly. 
For ex^ple, in attempting to go from a beamwidth of 4® to one of 2®, a error 
which is originally X/4 becomes X/2. This increase in phase error means that one 
cannot scale directly from a 4® beam to a 2® beam, but must rather expect that a 
direct scale will produce a beamwidth between 2H and 3®. This effect becomes 
even more pronounced as one attempts to obtain beamwidths less than 2®. Based 
on existing experimental information, it can be said that aperture efficiency decreases 
below a 4 width and that for any applications in which aperture efficiency is an 
important factor, the toroidal surfaces will probably be unsatisfactory for beamwidths 
less than 2°. 
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13.1. SINGLE-SURFACE REFLECTORS USED FOR MICROWAVE RELAY 
SYSTEMS 

Single- and Double-mirror Systems. Rofloctors are often used in microwave relay 
systems for the purpose of redirecting the incident energy. Several simple schemes 
for accomplishing this are shown in Fig. 13-1, where the reflector system is in the 
distant (Fraunhofer) field of the transmitting and receiving antennas in each case. 
The single-mirror typo of passive repeater shown in Fig. 13-la is useful when the 
transfer angle ot is greater than about 40°. For values of a loss than this, the length 
of the mirror becomes excessively large for a given projected area and the double- 
mirror system of Fig. 13-16 should be used. The incident and exit rays in each system 

*Soc. 13.1. 
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define a plane, and the projected area of the passive repeater is referred to this plane 
in the cases illustrated. 

Generally, passive repeater systems of these types have dimensions of many wave¬ 
lengths; thus several simplifying assumptions may be made for the purpose of calcu¬ 
lating their transmission properties. The reflection is specular,* so that the n.Tn;ia of 
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Fig, 13-1. Types of microwave pasHivc repeaters. 


incidence equals the angle of reflection; except for heat loss (usually negligible) the 
reflectors are 100 per cent efficient, so that all the power incident is reflected and the 
radiation patterns are those of a uniformly illuminated aperture. The two reflectors 
in tlie repeater system of Fig. 13-lft are assumed to be so close together tliat the energy 
travels iii a perfectly collimated beam between them. I'\irthermore, their sizes arc 

Hue.h that the projected area for tlie incident ray is the same as tliat for the final exit 
ray. 

Ih-oviiled that the passive roiicater is in the far field of the transmitting and receiving 
antennas, the total transmission loss in decibels for either of the systems shown in 
iMp;. 1 is given by* 


This may be written as 


lOlogJi = 10 log 


\* di»da« 
AtAi^Ar 


(13-1) 


10 log 


10 log + 20 log - 

AtAb ^ ‘^A,(di-(-dj) 


* The rofloctor surface must be flat to within ±X/16. 


(13-2) 
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where \ = frec-space wavelength 

-Ay = transmitting-antenna effective area 
Ar “ receiving-antenna effective area 

^1 = projected area of passive repeater in a plane normal to incident or reflected 
ray 

di, d 2 = distances from repeater to transmitting and receiving antenuaa 
Pr “ transmitted and received power, respectively 
The first term in Eq. (13-2) is simply the freenapace transmission loss between two 
antennas separated by a distance di da. The second term is the additional loss 
duo to the passive repeater. 

It may happen that more than one repeater is necessary over a given path in order 
to get around certain obstacles. Suppose there arc n repeaters having projected 
areas Ai, Aa, . . . , An and the ith one is separated a distance (U from the previous, 
i — 1 one. The total transmission loss in decibels is, then, 


10 log = 10 log ‘ ‘ 

Ph “ AyAfiCAiAaAs • • • An)* 

which may also ho written 

+ dn^i)^ 

dn+l) 


(13-3) 


10 log g » 10 log + 


AtAr 
H- 20 log 


X”(did2d3 


(A lAaA 3 


An)(di “j- da + 


-f- dn+i) 


(13-4) 


where dn+i is the distance from the nth repeater to the terminal antenna. Again the 
first term in Eq. (13-4:) is the free-spaco loss between two antennas separated a distance 
(di -H d 2 4- • • • -h dn+i). The second term is the additional loss due to the passive 
repeaters. 

Each antenna or repeater system must be in the Fraunhofer region of the one 
adjacent to it in order for the above formulas to bo valid to 0.5 db or better. This 
imposes the following approximate restriction on the spacing between systems: 

d > ^ 4 - 6 A 1 /I, +As* (13-6) 


where Ai, A a are the effective areas of the two elements in question (antenna and 
repeater, or two repeaters) and d is the distance between them. 

The double-mirror repeater has an extra degree of freedom in its physical design. 
Taking advantage of this it is possible to minimize the total length of mirrors required 
and to design the system so that it occupies the smallest possible amount of space. 
Ileferring to Fig. 13-2, the following quantities are of interest: 

w =• projected length of each mirror 
a - transfer angle 
A, A “ actual length of each mirror 
$ = angle of incidence at mirror 1 
h “ mirror separation, measured between their centers 
L = length of a single mirror equivalent to double-mirror system 

Assuming that a and w are given, the variations of h -h ^2 and h as functions of 6 
may be calculated. The mirrors arc a ssum ed to bo as close together as possible, so 
that the line joining their inner ends (AB ia Fig. 13-2) makes an angle a with the 
incident ray. 

The total length of the two mirrors, ti 4- *^ 2 , varies with a and e as shown in Fig. 
13-3, together with the variation of the length L of an equivalent single mirror for 
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comparison. The values of 0 for which the total mirror length for the double repeater 
is less than that for a single one can be obtained by inspection. For example, if 
a « 40®, A + ^2 < L for 0 ^ ^ 53®. 

Figure 13-4 gives the variation of the mirror separation h with 0 and a. For a 
given ot it will be noted that a value of 0 can be found for which ^ is a minimum. 



0® 10® 20® 30® 40® 50® 60® 70® 

9 

Fig. 13-4. Variation of (normalized) separation between the two mirrors of a double-mirror 
passive repeater with 0 and a. 

Having selected a value of 0 for a given w and a, the design may bo completed with 
the help of the relations 

“ cos(e-«/2) 

Furthermore, the angle included between the two mirrors is a/2 and the normal at C 
to mirror 2 passes through the inner end of mirror 1, point Ji, as shown in Fig. 13-2. 

Periscope Antenna Systems. Another important use for reflectors is shown in 
Fig. 13-5. This arrangement differs from the passive repeater discussed above in 
that the reflector is located in the Fresnel or near-Fraunhofer region of the antenna, 
with separations between the two seldom exceeding several hundred feet. For this 
reason the combination is more appropriately thought of as an antenna system* rather 

* The name “periscope antenna” has been suggested, for obvious reasons. 
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than a combination of antenna and reflector with independent radiation properties, 
as for the passive repeaters described above. The main advantage in microwave 
repeater antenna systems of this type is that the final radiating element may be 
located at a considerable elevation so that nearby obstructions are cleared without 
using long lengths of waveguide. The terminal equipment may also be located at 
ground level for convenient maintenance. The price paid for these advantages is the 
considerably increased difficulty of alignment and higher values of unwanted coupling 
to similar nearby systems. This coupling generally will not be much less than -50 db, 



Fig. 13-5. Periscope antenna system. 


which usuaUy means that adjacent systems must use different frequencies. The 
coupling arises from throe different sources: direct coupling between the exciter 
antennas, scattering from the structural members of the supporting towers and other 
nearby objects, and scattering from the elevated reflectors themselves. Of these only 
the first can bo effectively controlled by any practical means, such as erecting conduct¬ 
ing or absorbing screens between antennas. 

Periscope antennas may be arranged in a variety of ways with different kinds of 
exciter antennas and elevated reflectors. Paraboloids are generally used as the 
exciting antenna with either rectangular or elliptical reflectors above. The reflector 
may be flat, or it may be parabolically curved to achieve somewhat greater gain. 
The antenna is usually placed so that the line joining the centers of the antenna and 
reflector is nearly vertical; however, this is not essential. The reflector is tilted to 
send the exit ray out at the proper angle of elevation and is usually so proportioned 
that its projected area is either circular or square. The vertical angle of tilt of the 
reflector must be carefully controlled since the elevation angle of the exit beam varies 
as twice this angle. 

The gain of two commonly used typos of periscopes has been calculated and verified 
experimentally.In each case the exciter antenna is a paraboloid with 10 db 
square-law amplitude taper.* The reflector is assumed to be elliptical with circular 
projected area and may either be flat, as in Fig. 13-6, or curved to a section of a 
paraboloid with focus at the center of the exciter antenna, as in Fig. 13-7. The 
universal gain curves of Figs. 13-6 and 13-7 give the variation of the quantity i;, in 
decibels, as a function of the dimensionless variable Xd/4/2*. Here 17 is defined as 
the over-all decibel gain of the periscope system minus the decibel gain of the exciter 

♦That is, the feed horn produces a field distribution in the paraboloid aperture which 
varies as the square of the radius from unity at the center to 0.316 at the edge. 
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Fio. 13-6. Relative gain of poriHcopo autoiina system employing plane elevated reflector. 
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Fia. 13-7. Relative gain of periscope antenna system employing curved elevated reflector. 
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paraboloid. If the projected area of the elevated reflector ie not circular but a 
regular polygon of four or more aides, r, may be approximately obtained by iiainf ; an 
effective reflector radius calculated from 



where A is the area of the polygon. 

The curves of Figs. 13-6 and 13-7 show that in general the periscope with a flat 
reflector is less sensitive to changes in frequency or separation than the periscope with 
a curved reflector. If the reflector has a larger diameter than the antenna (a/R < 1), 
the quantity rj for either periscope is positive for certain values of \d/4R*j the larger 
values being obtained with the periscope with curved reflector. 

The radiation patterns of periscope antenna systems depend in a rather complicated 
way on the many system variables. However, for most systems encountered in 
practice, experience has shown that the patterns out to the first two minor lobes may 
be obtained to a fair approximation by use of Table 13-1. In this table the elliptical 
reflector is assumed to have a circular projected area of radius R; the projected area 
of the rectang^ar reflector is assumed to be a square with sides equal to h. The first 
and second minor lobes of the periscope with an elliptical reflector are about 18 and 
26 db, respectively, below the peak of the main lobe. Corresponding numbers for 
the rectangular reflector are about 14 and 18 db. Periscopes with polygonal reflec¬ 
tors fall m between the square and circular periscopes in their radiation properties, 
approaching the latter as the number of sides increases. 


Table 13-1. Radiation Patterns of Periscope Antenna Systems 



Elliptical 

reflector 

Iloctangular 

reflector 

3-db beamwidth. de^r. 



6-db beamwidth. deg. 



First minimum, dog from axis.... 



First maximum, deg from axis_ 


b 

Second minimum, deg from axis.. 


b 

Second maximum, deg from axis.. 

‘“n 

142 ^ 
b 

Third minimum, deg from axis.. . . 




13.2. REFLECTORS FOR MICROWAVE TARGETS 

Objects which scatter incident radiation so that at least a portion of it is reflected 
along the incident path to the radar anteima which launched it are known as targets. 
From the direction and the time of travel of the signal to the target and back again 
to the radar set, it is possible to locate the position of the target with considerable 
accuracy. 

Many objects, both man-made and natural, act as radar targets. Objects such as 
trees, buildings, rain clouds, airplanes, ships, birds, and insects, all have been observed 
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as radar targets. Many of these incidental targets are not particularly efficient in 
reflecting echoes to the radar receiver. 

It is possible, however, to design targets which will give much stronger echoes in 
proportion to their sizes than the incidental targets. These highly efficient targets 
may be placed at appropriate points along airport runways or shipping channels to 
serve as “buoys” for guiding radar-equipped aircraft or ships. Alternatively, they 
may be carried by aircraft or life rafts in order that these objects may be more readily 
located by ground control crews or rescue parties. Targets are sometimes used to 
produce standard echoes as a means of measuring radar performance. 

Simple Geometrical Surfaces. Many radar targets are composed of simple geo- 
ni(‘trical surfaces. The surface of a building is much like a flat plate; a water tower 
IS fro(iuontly a cylinder, and ships and aircraft may have surfaces which are spheroidal 
in geometry. A brief consideration of the reflecting properties of simple surfaces 
(.an give some insight into the echoing effectiveness of more complicated structures. 

The effectiveness of a target is usually rated in terms of two quantities, one having 
to do with the echo strength, and the other relating to the solid angle over which the 
target is capable of responding. A sphere, for example, returns a rather weak signal 
but is operable at all angles of incident radiation. A flat plate, on the other hand, is 
an extremely efficient reflector but has a very sharp angle of response. The echoing 
strength is usually expressed by a quantity known as “scattering cross section,” which 
for practical purposes may be defined as the cross-section area of a conducting sphere of 
such a size that it would return an echo equal in strength to that from the target in question. 
Scattering cross section is usually represented by the Greek letter «r. Sometimes the 
quantity effective area At is used. It is defined as the area of an equivalent flat 
plate onented so as to be perpendicular to the direction of the incident radiation. For 
these definitions to be valid, the sphere and the flat plate are assumed to have dimen¬ 
sions which are largo in comparison with the wavelength of the incident radiation. 
At and <r are related by a simple equation as given in the note below Fig. 13-8. 

The angular response of a reflector is described in much the same way as that of an 
antenna. Response patterns may bo plotted in terms of the angles of azimuth $ and 
elevation <f> measured from the axis of maximum response of the target. Alternatively, 
the angle between the direction of maximum echo and that along which the echo is 
reduced by a specified amount, such as 3 or 10 db, may bo used to describe the response. 

Pile echoing properties of simple geometrical surfaces and several other targets are 
given in I^ig. 13-8. The basic mathematical relations are given in the notes below 
the figure. 

Dihedral Comer Reflectors. A dihedral corner reflector consists of two perpendic¬ 
ularly interHe(?ting, flat conducting surfaces as shown in Fig. 13-8. A ray entering 
the corner in a plane perpendicular to the line of intersection of the reflecting planes 
will undergo a reflection from each surface and will return in the direction from which 
it came. The scattering cross section of a dihedral depends upon the wavelength, the 
size of the reflector, and the orientation of the reflector with respect to the direction 
to the radar antenna. In a plane perpendicular to the two corner surfaces the 
response pattern is quite broad. The scattering cross section <t varies in proportion 
to [sin (-15° — whore 6 is the absolute value of the angle between the direction to 
the radar antenna and the bisector of the corner angle. The maximum cross section 
occurs when the incident radiation enters the corner parallel to the bisector, that is, 

0 B 0°. The response of the reflector in planes perpendicular to that of ^ is a function 
of the wavelength and is usually very sharp. For this reason dihedrals are not often 
built for target use. 

If the incident rays are polarized in a plane either parallel or perpendicular to the 
lino of intersection of the corner pianos, the reflected rays will be polarized in the same 
plane as the incident rays. If, however, incident rays are polarized in planes at 45° 
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Fio. 13-8. Characteristics of various types of radar targets. The columns labeled At and 
or give the maximum values of these quantities for optimum orientation of the target. O 
is the gain of an antenna over an isotropic radiator. 

to the line of intersection, the reflected rays will be polarized perpendicularly to the 
incident rays. 

Trihedral Comer Reflectors. A trihedral corner reflector consists of three reflecting 
planes assembled so as to form a right-angle corner. In general, a ray incident upon 
an interior surface of the corner will undergo a reflection from each of the three 
surfaces in turn and will return in a direction parallel to and with the same polarization 
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as the incident ray. The path of such a ray is shown as 1-1' in Fig. 13-9a. Some 
rays upon entering the corner will undergo two reflections but will escape the third 
and go off at an angle oblique to the incident ray. Such rays are lost as radar echoes. 
The path of a typical ray of this type is 


shown as 2 -2' in Fig. 13-9a. 

In Fig. 13-9i> it is assumed that the 
incident radiation is entering the reflector 
along an axis perpendicular to the plane 
of the figure. Rays entering the shaded 
region will be triply reflected and returned 
to the radar. Rays entering the un¬ 
shaded regions will be doubly reflected 
and lost, as in the case of ray 2-2' of Fig. 
13-90. In Fig. 13-9c the reflector is 
rotated 30® and again the shaded area 
represents the region of triple reflection. 
The shaded area, equal to Ar, is evidently 
a function of the aspect angle. Curves 
showing the variation of the response 
(proportional to A r* or <r) of corner reflec¬ 
tors having both triangular and square 
sides are shown in Fig. 13-8. The maxi¬ 
mum effective area for a corner reflector 
generally occurs for radiation entering 
parallel to the symmetric axis. The 
latter makes equal angles with the three 
corner pianos. 

The corncr-refleotor response curves of 
Fig. 13-8 also exhibit sharp peaks at 
9 ^ ±40® and at - -35®. These 



(a) CORNER REELECTOR SHOWING RAY 
PATHS 



(b) EFFECTIVE AREA ON SYMMETRIC AXIS 


occur when the reflector is oriontod so 
that two of tho planes produce a dihedral 
reflection in the manner described previ¬ 
ously. There will bo iidditional peaks at 
orientations which cause any one of the 
corner pianos to be perpendicular to the 
incident radiation. These peaks arc not 
within the range of tho curves in the fig¬ 
ure. More extensive trihedral response 
curves will be found in Refs. 13 to 15. 

Effect of Shape of a Trihedral, A com¬ 



parison of the maximum values of <r (or 
At) shows that a corner reflector having 
square sides reflects a stronger signal 
along the symmetric axis than docs a 
reflector having triangular sides, the lines 
of intersection of the corner pianos being 
of ecjual length in either case. On the 


(c) EFFECTIVE AREA AT 30* ANGLE 
Fig. 13-9. Trihedral corner rofloctors; (a) 
Paths of rays. 1-1' rpproBents a ray ex¬ 
periencing a triple reflection. 2-2' repre- 
BGiits a double reflection. (Il>) and (c) 
Variation of At (shaded) as reflector is 
rotated 30°. 


other hand, the response patterns of the square corner tiro sharper than those of the 
triangular corner. 


In general, broader response patterns can be obtained with a sacrifice in the ratio 
of the scattering cross section a to the physical size of the reflector. An example of 
this is shown in Fig. 13-10. The figure shows two views of a modified corner reflector 
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designed to have a relatively flat response characteristic out to angles of 30° from 
the symmetric axis. The reflector is evolved from a triangular corner reflector ABC 
by extending the three planes to form the notched contour DEF, The original 
triangular reflector had an effective area defined by the shaded hexagon in Fig. 13-lOa. 
The extension of the faces adds nothing to the axial effective area of the modified 
corner reflector. However, at the 30° aspect angle shown in Fig. 13-106, the effective 


D 




-50® 0 +50® 

ANGLE 9 

- REFLECTOR ABC 

- REFLECTOR DEF 

(c) 


Fig. 13-10. Effect of shape of trihedral upon response pattern. 


area of the original triangular corner is defined by the parallelogram abed, and the 
effective area of the modified reflector is equal to the total shaded area. The latter 
is approximately equal in value to the shaded hexagon in Fig. 13-lOa. The curve of 
Fig. 13-lOc shows response patterns of the triangular reflector and the modified 
reflector. 

By appropriate shaping of the contours of the corner-reflector surfaces, a wide 
variety of response characteristics can be obtained. 

Effect of Errors in Construction upon Reflector Performance. For optimum 
performance, the three planes of a corner reflector must bo p(^rfectly flat and the corner 
angles must be exactly 90°. Results obtained with poorly constructed reflectors or 



Fig. 13-11. Effect of error in all three corner angles upon trihedral echo response. Inci¬ 
dent radiation parallel to symmetric axis. 


with reflectors using wire mesh for the surfaces may be disappointing, particularly if 
tlie dimensions of the reflector are larger than 20 wavelengths or so. Wire mesh 
t.(uids to give a warped surface, which results in part of the reflector returning radia¬ 
tion out of phase with that from another part. 

Angular errors leading to a deviation of one-third wavelength at the outer edges of 
all thre(i pianos of a reflector will reduce the echo by about 3 db. The angular 
tolerance, therefore, becomes smaller as the size of the reflector is increased. Figure 
13-11 shows some experimental curves of the variation of the echoes from various 
sizes of corner reflectors as the corner angles are changed. 







REFLECTORS FOR MICROWAVE TARGETS 13-13 

Clusters of Comer Reflectors. In order to extend th© angular response of a target, 
clusters of corner reflectors are often used. A simple cluster can be formed of three 
orthogonally intersecting planes. Each octant of such an arrangement will be a 
corner reflector, and the cluster will give strong echoes over a wide range of aspects 
in both horizontal and vertical planes. If a full 360® response is desired in the 
horizontal plane with only a ±30® response in the vertical, a group of five corner 
reflectors symmetrically arranged about a vertical axis will usually suffice. 

Luneberg-lens Reflector. An ingenious reflector, which exhibits a large scattering 
cross section over extremely wide response angles, has been developed.^® Tliis 
reflector makes use of a Luneberg lens in the form of a dielectric sphere whose index 
of refraction varies with the distance r from the center in accordance with the relation 

"-[-©T 

where R is the radius of the sphere. This lens has the property of collecting the 
energy which falls ui)oii the surface of one hemisphere, refracting it through the 



splioro, and bringing to a focus at the center of the surface of the opposite hemisphere. 

If the energy is reflected at this fooal point, it will be roradiated in the direction 
from which it originated. As the direction of th© incident radiation is changed, the 
focal point will shift its position aocordingly. Hence, if a portion of the opposite 
hemisphere is covered by a reflecting metallic cap, as shown in Fig. 13-12, the target 
will respond over a large range of angles of incidence. 

If the reflecting cap is circular and subtends a conical angle of 90° at the center of 
the sphere, as shown in Fig. 13-12a, the reflector will have a uniform response over 
a conical angle of 90 . With a 180° cap, the conical response angle will be increased 
beyond 90 but the response pattern will not bo uniform because, as the incident axxgle 
changes, a variable portion of the incident radiation will be diverted by the outside 
surface of the cap. This cffoct is shown in Pig. 13-126. Typical response patterns 
for the 00 and 180° caps are given in Pig. 13-13. 

The tlicorctical scattering cross section of the LiUncbcrg-lens reflector at the angle 
of maximum response is equal to the scattering cross section of a circular flat plate 
whose radius is equal to that of the sphere. 

where R X. In practice, liowever, <7 may be as much as 1.5 db below the theoretical 
value, due to losses and iniperfections in the lens. 
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A corner reflector whose projected aperture along the symmetric axis is a circle 
equal in diameter to the Luneberg lens will have the same theoretical scattering cross 
section and will occupy a somewhat smaller volume than the lens. The lens, however, 
wUl operate over a much broader response angle. This is illustrated in Fig. 13-13, 
where the pattern of the corner reflector has been included for purposes of comparison. 



Fig. 13-13. Response patterns of Luneberg-lens reflectors with 90® and 180® caps compared 
with that of a corner reflector having the same maximum a. 
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14.1. BASIC LENS OPERATION 

Curved reflectors (Chap. 12) and lenses are both commonly used as collimating 
elements in high-gain, narrow-beam microwave antennas. The choice between a 
reflector or lens for a given application depends upon many factors, such as the follow¬ 
ing. (1) The reflector is simpler to design, since it has but one surface, which obeys a 
more elementary law of geometric optics than the surfaces of the lens. (2) On the 
other hand, the more complex behavior of the lens is an advantage when additional 
parameters are required to achieve a special characteristic, such as the ability to scan 




(a) (b) 




CYLINDRICAL LENS, n>l CYLINDRICAL LENS, n<l 

(cl (d) 

Fig. 14-1. Basic Ions configurations useful at microwave frequencies. 


over an angle wide compared with the beamwidth. (I^) Althougli the lens is a more 
complicated structure than the reflector, its toloran(;(‘s on Hurf^l(^o shape are more 
lenient, and consequently its construction cost may fre(ju(‘ntly b(‘ little^ more or even 
less than that of the reflector. (4) The gain of a lens antemna is usually of the order 
of one or two decibels less than that of a reflector antenna, but with surface matching 
and extension of the food horn to the rim of the lens, this (lis(‘.repancy can actually bo 
reversed. (5) The lens antenna usually has considerably less rearward radiation 
than the reflector antenna. 

Th<‘ i)atterns most commonly required of a lens antenna are highly directive beams 
of (unndar or oval cross sections (i.e., pencil or fan beams), with radiation in all other 
din'ctions greatly suppressed. P'igure 14-1 shows two methods of achieving such 
patterns; in methods o and b rotational lenses are used in conjunction with a point- 
sou njct type of feed (the term rotational denotes that tlic surfaces of the lens are 
obtained by revolution of a curved line about the axis of the lens), while in methods 
c and d cylindrical lcnsc^s (i.e., lenses whose surfaces are generated by a straight lino 
moving parallel to itself) are used in conjunction with a line-source feed. The cross- 
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section shape of fchc beam may be varied through choice of the feed pattern and of the 
width and licighfc of the lens aperture. 

At microwave frequencies, natural homogeneous dielectric media always have an 
index of refraoticon (or refractive index) greater than unity (i.e., a phase velocity less 
than that of lightt), which leads to the convex lens shapes of Fig. 14-la and c. How¬ 
ever, artificial (o:r fabricated) wave-propagating media may bo constructed with any 
desired index of refraction ranging from considerably less than unity to considerably 
greater than unifcy. Examples of lenses constructed with an index of refraction less 
than unity are sDiown in Fig. 14-16 and d, where it is seen that a concave shape is 
required to focuft a beam. Design data on the useful types of natural and artificial 
media are given in later paragraphs of this chapter. In general, the typos having 
n < 1 are highly dispersive (that is, n varies sharply with frequency), while those 
having n > 1 ar e nondispersive, or relatively so. Thus lenses having n less than 
unity are usuallf limited to frequency bandwidths of perhaps 2 to 10 per cent, while 
lenses having n gjrcater than unity may be designed to be operable over an octave or 
more. 

Considerable information on microwave lens media and on lens surface design has 
been published, a ad arc listed in the References at the end of the chapter (see especially 
Hefa. 1 and 2). An extensive bibliography is given by Harvey. 

14.2. LENS-SURFACE FORMULAS FOR n>l 

The more cormmon lens shapes for an index of refraction greater than unity are 
shown in Fig. 14-2. The formulas given in the figure apply to both rotational and 
cylindrical surfaocs. Design data for natural and artificial media having n > 1 are 
given in a later dliscussion. 

Single RefractHng Surface n > 1. The first four lenses of Fig. 14-2 achieve their 
focusing effect by refraction at only one of the two surfaces. In lenses a to c this 
occurs at the surEace adjacent to the focal point, while in lonse d the refraction occurs 
at the opposite surface. In each case, a lens surface is everywhere perpendicular to 
the incident rays, and hence the rays pass through this surface without being refracted. 
A disadvantage of these single-rcfracting-surfaco typos when used in a transmitting 
antenna is that the nonrefracting surface lies in a constant-phase wavefront, and 
(‘.onsequently a roflocted wave from this surface will converge at the focal point and 
give rise to a reflection coefficient in the food line approximately equal to the reflection 
coefficient of the surface. Since even a moderate VSWR will often adversely affect 
the stability of tke transmitter tube, it is desirable that this surface reflection either be 
eliminated or provonted from entering the feed line. Several methods of matching 
lens surfaces to avoid reflection are given in the paragraphs on specific lens media. 
However, even in the presence of surface reflection, a high feed-line VSWR may be 
avoided by tiltin^j the lens slightly (as in Fig. l4-3a), so that the refocused refiocted 
energy will not outer the feeding antenna, or by displacing half of the lens a quarter 
wavelength along the axis with respect to the other half (as in Fig. 14-36). In the 
latter case, the rcjfocusod reflected waves from the two halves of the lens arrive at the 
feed 180® out of phase and no energy enters the feed. Both the methods shown in 
Fig. 14-3 have bcaen found effective in reducing the VSWR in the feed line and have 
not caused appreciable deterioration of the secondary antenna pattern. However, 
they do not olini:inate the other effects of surface reflection, such as loss of gain and 
increase in side-lobe level due to scattering of the reflected energy. Wherever these 
factors are important, the surface-matching techniques to be described later are 
recommended. 

Two Refracting Surfaces n > 1. Microwave lenses in which the rays are refracted 
at both surfacoB have not been used as frequently as the singlc-rcfracting-surface 
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Fia. 14-2. Lens-shape design for media having n > 1. 


typos, but the greater difficulty in their design is frequently justified by advantages in 
performance. For example, a two-refracting-surface lens will not refocus surface 
reflections back into the feed line, and the additional design parameters permit the 
achievement of special properties, such as wide-angle scanning ability. 

A two-rcfractingnsurface lens that has had practical application is shown in Fig. 
14-2e and/. This plano-convex design has good wide-angle scan properties when used 
with dielectric constants of the order of 2.5.®*8 The general method of surface-shape 
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computation for other two-rofracting^urface lenses having n > 1 is given in several 
references^-® and should be employed when a particular kind of performance is 
required that cannot be met by the designs of Fig. 14-2. 

Zoning Formulas n > 1. In the case of physically large lenses, the use of con¬ 
tinuous surfaces (as in Fig. 14-2a, d, and e) results in a massive structure that is heavy 
and difficult to produce without imperfections. Also, the long path lengths through 
the medium make its index of refraction highly critical. In order to alleviate these 
disadvantages, use is commonly made of discontinuous, or zoned, surfaces as in Fig. 
1^26, c, and /. Ray path lengths through any two adjacent zones are designed to 
differ from each other by exactly 3G0 electrical degrees (or a whole multiple thereof) so 
that a plane constant-phase front results on the collimated side of the lens. 




I^oduction of feed VSWR by means of (a) lens tUt, (t) quarter-wave displacement 
of half of the nonrcfractiiig surface. 


Fi^ro 14-26 and c gives the surfacenshape formulas for zoned versions of the lens 
of Fig. 14-2a, while Fig. 14-2/ shows the zoned counterpart of Fig. 14-2c. In the 
formulas for b and /, the use of integers K - 1, 2, 3, 4, etc., gives a family of lens 
surfaces all of which provide the same focal point at a? = -/ and produce plane 
wavefronts differing from each other in phase by 3G0A"®. In the use of these formulas, 
a thickness d on the axis is chosen and tho central zone of the surface is computed for 
A = 1. At the radius for which the lens thickness is equal to the minimum allowed 
by mechanical considerations, the second zone is computed for A = 2. In a similar 
manner additional zones are computed with A" = 3, 4, etc., until the desired lens 
diameter is attained. If the minimum allowable thickness is dmin, the maximum 
thickness is approximately dmin + X/(n - 1). 

Effects of Zoning on Aperture Dlumination, n > 1. Certain defects in tho aperture 
illumination usually occur with zoned lenses and should be considered carefully in the 
lens design. For example. Fig. 14-4a shows how energy less (shadowed) bands occur 
in tho aperture field in front of a refracting second surface of a lens. Inspection of tho 
figure reveals that there is no way in which the zonal boundary can be shaped to 
eliminate tho shadow. In fact, shadowing occurs in any Ions for which n > 1, if the 
zone steps occur in a refracting surface on the side of tho lens away from the focal 
point. The presence of these nonilluminatcd bands in the aperture results in ax^ 
increased side-lobo level and decreased gain of tho secondary pattern. 

A second type of defect occurs when a first refracting surface is zoned, as in Pig. 
14-46. In this case, the rays between ray a and ray 6 arc not properly refracted by 
the lens and arc scattered in undosired directions. As a consequence the gain and 
side-lobe level are inferior to an unzonod lens. Although there is no shadowing in 
this case, discontinuities in aperture amplitude exist at the boundaries of the zones, 
deteriorating the secondary pattern still further. 
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However, zoning without shadowing or energy loss is possible if carried out on a 
nonrefracting surface of the lens. Figure 14-4c shows an example in the case of a plane 
second surface. It is necessary that the surface of the step between zones be perpen¬ 
dicular to the zoned surfaces. This type of zoning should provide the most satis¬ 
factory aperture illumination of the various types, but there still exist disturbances 
along the boundaries of the zones because of phase differences between the rays just 
inside and just outside the dielectric surface. Some decrease in efficiency of the zoned 
lens may therefore be expected compared with an unzoned lens, although the per¬ 
formance should be superior to that obtained with zoned refracting surfaces. In the 
special instance of a cylindrical lens in which the E vector is everywhere perpendicular 
to the step surfaces, this disturbance may be avoided by covering these surfaces with 
thin, conducting sheets. 



Fig. 14-4. Effect of zoning on aperture illumination, n > 1. 


Bandwidth of Zoned Lenses, n > 1. The surface-shape design of an unzoned lens 
is independent of frequency, if n is constant. However, as may be seen from the 
formulas in Fig. 14-2, zoning introduces a dependence on frequency, and consequently 
a zoned lens has a limited bandwidth of satisfactory operation. Altliough each zone 
of the lens provides the same electrical path length from the focal point to the aperture 
plane on the opposite side of the lens, rays through adjacent zones will differ by 
exactly 360° only at the design frequency. If the lens has a total of N wavelength 
steps between the central and outer zones, the effective path-length difference between 
a ray through the outer zone and a ray through the central zone is N\o at the design 
wavelength \q and N\ at any other wavelength X. (If each zone steps by one wave¬ 
length, then N is one less than K of the outermost zone.) The phase error in wave¬ 
lengths of the outer zone compared with the central zone is therefore 

d = -Na\ (14-1) 

A maximum phase variation of one-eighth wavelength is usually considered permissible 
in the aperture of a microwave antenna. The total bandwidth of the zoned lens is 
approximately 100(2AX/\) per cent, and hence the bandwidth of a lens having N 
wavelength steps is 

25 

Bandwidth » ^ per cent (14-2) 

Thus a zoned lens has an approximate bandwidth of 25 per cent for A/" = 1 but only 
5 per cent for N = 5. If other sources of aperture phase error are present, it might 
be desirable to reduce the allowable tolerance on 6, thereby reducing the bandwidth 
below the figure permitted by E(i. (14-2). 

14.3. LENS-SURFACE FORMULAS FOR n <1 

The lens formulas given in Fig. 14-2 apply for a < 1 as well as for n > 1. However, 
for convenience, the more important lens-surface design formulas for an index of 
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refraction loss than unity are shown in Fig. 14-5 and apply to both rotational and 
cylindrical surfaces. Design data for media having n <. 1 are given in a later 
discussion. 

The lenses of Fig. 14-5a and h are singlc-refracting-surface types, since the plane 
surface lies in a constant-phase front. Consequently, the reflection from this surface 
converges into the focal point and will produce a high focd-liiic VSW'R unless this 



(l-n)f 
l-n cos 9 


y=\/a(l-n)(-x)f-(l-n*)x* 


ll-n)t, +(l<-l)Xo 
t-n COS B 


y=[2(l-nK-x)f| -(l-n*)x* -2(K-n(-x)n X 
+2(K-l)f,X+(K-l)*X*]''^ 

K=l. 2,3,4, 


WIDE-ANGLE-SCAN TYPE 
(SEE RU2E*. BROWN®) 


WIDE-ANGLE-SCAN TYPE 
n VARIES WITH y. 

(SEE RU2E*) 


Fro. 14-6, IjCiiH-shapo doaign for media having n < 1. 


surface is matched to free space or unless the reflected energy is deflected away from 
the food point by one of the methods shown in Fig. 14-3, 

Single Refracting Stixface, w < 1 . The singlo-rcfracting-surface stepped design 
of Fig. 14-55 has been by far the most used of all microwave lenses. Its design is 
simple, since only one curved surface is involved, and the steps load to a thin, light¬ 
weight, relatively noncritical structure. However, shadow bands at the steps cannot 
bo avoided, as may be seen in Fig. 14-6. Although all the rays emanating from the 
focal point are collimated by the lens into a bundle of parallel rays, the shadow bands 
(jause an increase in side-lobe energy and a decrease of gain, because of the discon¬ 
tinuities they introduce in the aperture illumination function. As in the case of 
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n > 1, zoning can be accomplished without shadowing or energy loss only if the steps 
are taken in an equiphase surface. Thus the plane surface in Fig. 14-5a could be 
successfully stepped, although the resulting meniscus-type lens shape would be more 
difficult to manufacture and to support than the flat shape of Fig. 14-56. 

The maximum thickness of the stepped lens forn < 1 is equal to dmin + (1 — n) X, 
where dmin is the minimum thickness permitted in the mechanical design. The 
bandwidth limitation due to zoning is the same as for n > 1, and the bandwidth for a 
maximum phase variation of one-eighth wavelength is given by Eq. (14-2). However, 
the bandwidth of the actual lens is considerably less than this when the frequency 



Fig. 14-6. Shadow introduced by zoned lens of Fig. 14-66. 


sensitivity of the refractive index is taken into account, since all known media having 
n < 1 exhibit a large rate of change of refractive index with frequency. Thus, in the 
common case of a metal-plate zoned lens having the shape shown in Fig. 14-56, the 
bandwidth for an eighth-wavelength over-all phase variation is approximately 

ok« * 

Bandwidth » ^ 

where no is the index of refraction at the center of the band, and N is the number of 
one-wavelength steps between the central and outer zones. In the case of frequency- 
sensitive media, zoning increases the bandwidth of a lens over that of an equivalent 
unzoned lens by two or three times. This is true, although zoning is itself frequency- 
sensitive, because the ray path lengths in the dispersive medium are greatly reduced 
by zoning. The bandwidth of a given lens antenna may be extended considerably 
beyond that given by Eq. (14-3) if the antenna is constructed to permit moving the 
feed horn along the lens axis, since the effect of a change in frequency is principally to 
change the focal length. Also, the use of a more complex medium makes a design for 
greater bandwidth feasible.®^ 

Wide-angle-scan Types, n < 1. Lenses with an index of refraction less than 1, 
other than those shown in Fig. 14-5a and 6, have thus far had little use but have 
sufficient advantages to warrant future applications. The principal advantage to be 
gained is that of a considerably wider scan angle. A number of different wide-angle- 
scan lenses have been analyzed by Ruze, and for details on their design his article 
should be consulted.® A discussion of Ruze’s work is also given by Brown.* Two 
of Ruze’s most promising lens shapes are shown in Fig. 14-5c and d. In both cases, a 
inctal-plate medium is assumed, with the plates oriented so as to constrain the rays 
into paths parallel to the lens axis. The configuration of Fig. 14-5d is particularly 
interesting because of the mechanical advantages of uniform thickness and plane 
surfaces and the electrical advantage gained through the avoidance of stepping. In 
this uniform-thickness lens, the index of refraction is varied with distance from the 
center in order to make the plane exit surface a constant-phase surface. In a lens 
of aperture large compared with the wavelength, the index of refraction must bo 
stepped at frequent intervals, in order to maintain n in the practical range of about 
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0.5 to 0.9. Since this stepping does not affect the surface shape, it has no appreciable 
effect on the secondary pattern but does introduce a frequency sensitivity. Additional 
analysis of the lens shown in Fig. 14-5c is given by Proctor and Rees.«“ 


14.4. FACTORS AFFECTING GAIN OF LENS ANTENNAS 


The gain of a lens antenna is dependent upon the following factors: (1) attenuation 
in the lens medium, (2) reflection from the surfaces, (3) amount of feed energy not 
incident upon the lens (spillover loss), and (4) the amplitude distribution in the 
aperture of the lens. The attenuation and reflection loss will be considered later in 
the paragraphs on specifle lens media. However, at this point it may be noted that 
in the case of a lossy medium, stepping the lens reduces the attenuation loss, since it 
reduces the path lengths inside the lens. 

Spillover Loss. Spillover loss may be avoided if the sides of the feed horn are 
extended to the edges of the lens. However, this is usually not done, since reflections 
from the lens surfaces are rereflected by the walls of the horn, and much of this 
reflected energy eventually emerges from the lens in undesired directions, thus 
increasing the side lobes by serious amounts. For this reason, a small feed horn has 
been used in most applications, with considerable spillover loss permitted. Surface 
matching is recommended for future lens antennas, since it increases the efficiency 
both by eliminating surface reflections and by permitting the use of a feed horn 
extended to the edges of the lens. The increase of gain that may be expected from 
the firat factor is about H db and from the second about 1 to 2 db. This total increase 
of gain of 1.5 to 2.6 db makes surface matching highly worthwhile. 

For a given aperture-illumination taper, the proportion of feed power lost through 
spillover in a practical lens antenna design depends upon the shape of the lens. This 
is discussed in detail below, where it is shown that spillover loss is less for a concave 
surface adjacent to the feed horn than for a convex surface. 

Effect of Lens Shape on Aperture Illumination. The purpose of most lenses is to 
focus the diverging radiation from a point or line source into a plane wavefront on the 
opposite side of the lens. The amplitude distribution of this plane wavefront is a 
function of the primary radiation pattern of the source and of the shape of the lens. 
The following formula^ expresses this relationship for the single-refractingnsurface 
lenses of Figs. 14-2a and b and 14-5a and 6, when the curved surface is a figure of 
rotation and the feed is a point source. 


A{p,4>) 



(n cos g -■ 1)3 
(n — l)®(n — cos e) 



In the case of a cylindrical surface^ 


A{y,z) = F{e,z) 


J (ncoae-i)* fi 
^^(n - l)(7i - cos e)fK 


( 14 ^) 


(14-5) 


These formulas apply to n either less than or greater than unity. The symbols p, 0, 
and 35 / are coordinates indicated in Fig. 14-7a while <f> and z are additional coordinates 
in a plane parallel to the aperture. F(0,</>) and f\0,z) are the amplitude radiation 
patterns of the point- and Iino-Hourc'.o feeds measured at a constant radius equal to /i, 
where fi is the focal h'ligth of the central zone of the lens. The dimension is the 
focal huigth of the jfiCth zone of the lens and is related to /i by 


fK 


. (K - 1 )\ 


(14r6) 


Tlio amplitude functions and A(y,z) arc measured in the plane of the lens 
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(o) 

Fig. 14-7. Aperture-illumination ratioH for tho Himple cylindrical 

aperture and may bo used to compute the secondary radiation pattern and gain of 
the lens antenna by moans of formulas given in Chaps. 2 and 12. 

Representative curves of and A{yfZ)/F(djZ) versus 0 are shown in 

Fig. 14-7 for values of n ranging from 0.6 to 2.0. The behavior for rotational and 
cylindrical lenses is similar—^for n > 1, the ratio decreases with 0, while for n < 1 the 
ratio increases. Thus an index of refraction greater than unity yields a decrease in 
aperture field strength at the edges of the lens compared with the primary feed 
pattern, while an index of refraction loss than unity yields a gain. This fact is highly 
significant as it relates to spillover loss, since for a given edge taper of tho aperture 
illumination the primary pattern must be more nearly uniform for n > 1 than for 
^ Thus a greater primary beam width is necessary for n > 1, and tho spillover 

loss is greater than for a < 1 (unless the feed horn extends to the edges of tho lens). 
Zoning of a lens introduces discontinuities in the aperture distribution, as shown in 
Fig. 14-8, but rediKios the total variation over tho aperture. 

The maximum power gain G in decibels of a lossless single-n^fracting-surfaco rota¬ 
tional lens fed at its focus may be computed from the following formula: 

= +a, (14-7) 

where 0/ is the on-axis power gain of the feed in decibels, X is froe-space wavelength, 
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and rotational Ioiihoh of Fi«H. l4-2o and 14-6a; (o) n > 1, {b) n < 1. 


fi IS tlie foc^iil of tho coritral zone, p is radius in the aperture plane, and A(p,</») is 

found from E<i. (14-4), with F(6j<l>) normalized to unity in tho direction of the axis. 


In a practicnil problem, 0/ and tho pri¬ 
mary feed j)att(^rn may bo oomputc^d or 
moaHurod, A(p,</>) should then bo oalou- 
latod point ])y ])oint, and then Eq. (1*1-7) 
may 1)0 <wahia.t(*d by a numori(!al-int(^gni- 
tion pro<!(*dur(i. Ecpiation (1*1-7) takes 
aeeount of spillover loss and aperture dis¬ 
tribution. If reflecdion loss and dissipa¬ 
tion loss oc(mr, the true gain will be o!)- 
tain(‘d by nulucing the value computed 
from 10<i. (M-7) by loss values in decibels 
to b(‘ given in later paragraphs on lens 
media. 

For ordinary applications, Eqs. (14-4), 



Q 


Fto, 14-8. Apertunsillumination ratio for a 
zoned rotational hnis of typo shown in Fig. 
14-6/>: n = 0.6,/i « 40X. 


(14-6), and (1 *1-7) will be adetpiate. riowever, if the cross-polarized component of the 


ap(*rture or the radiation field is an important consideration, a more precise formula¬ 
tion by E. M. T. Jones, taking this into account, should bo consulted.^ 
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14.6. natural-dielectric LENSES 

The term natural dielectric is intended here to cover both uniform and hetero¬ 
geneous mixtures of dielectric materials as well as single pure compounds. In the 
case of heterogeneous mixtures (e.g., polyfoam and resin-impregnated Piberglas), 
the variations in dielectric constant are assumed to be random and with spacing very 
small compared with wavelength, so that the electrical behavior is indistinguishable 
from that of a uniform material. The index of refraction n of a solid dielectric is 
related to the relative dielectric constant «r by 

n = y/7r (14-8) 

Usually only small microwave lenses are made of solid-dielectric media. In large lenses 
the weight of a natural lens and the diflBculty of mounting it safely appear to make 
the various types of artificial dielectric media more desirable. However, recent 
advances in the manufacture of mixtures of titanium dioxide powder in a foanunl 
dielectric may make large lenses of this medium practical to construct and utilize. 
In the case of circular lenses less than about 12 in. in diameter, and of thin cylindrical 
lenses (as in the mouth of a sectoral-horn line source), a solid dicdcctric is frequently 
the most satisfactory. This is particularly true at wavelengths under 1 cm, where 
artificial dielectrics are difficult to manufacture to sufficiently close tolerances. 

A number of dielectrics suitable for use in microwave lenses are listed in the tables 
by Von Hippel.* For any particular application, the choice of the most s\iitable 
material will depend upon the refractive index, the maximum allowable loss in gain 
due to power dissipation in the material, and the requirements on physical strength 
and stability over the specified environmental conditions. Too low an index of 
refraction will result in excessive lens thickness, while too high a value will result in 
excessive refiection loss (unless surface-matching structures are used). The loss 
tangent (tan 5) of the dielectric should be as small as possible to minimize dissipation 
loss, but frequently a material must be selected on the basis of its physical cliaract- 
teristics even though its loss tangent is much larger than that of certain other materials. 

In cases where its moderate strength and heat resistance are sufficient,polystyrene 
is to be recommended because of its exceptional electrical qualities, its ease of machin¬ 
ing and molding, and its relative economy. Where greaUT strength and heat resist¬ 
ance are required and a higher index of refraction can be tolerated, several ghissc^s 
and ceramics are available with low loss tangents. If more than a few tenths of a 
decibel of dissipation loss is permissible the great shock resistance and impact strength 
of various types of impregnated Fiberglas can be utilized. The mixtun^s of titanium 
dioxide powder in a dielectric foam appear to have particular advantages of liglitness, 
low loss, and availability of a wide range of refractive-index valiums. 

Dissipation Loss in Dielectric Lenses. The dissipative attenuation constant. <», 
for a wave propagating in a solid-dielectric medium, is given by 

27.3ntan5 ,, , 

a «-- db/cm (M-D) 

where n is the index of refraction, tan 3 the loss tangent of tlie medium at the operating 
frequency, and X is tlie free-spacc wavelengtli in c.entiineUirs. In a zoned huis 
dmax » X/(/i — 1); therefore 

Dissipative attenuation of lens « 27.8 - tan 3 <lb (14-10) 

7i ■— 1 


A family of curves computed from Eq. (14-10) is plotted in Fig. Ll-O. A coiu])ariHon 
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of this graph and Ref. 8 shows that a number of materials arc available that will 
result in a lens attenuation of only a few tenths of a doeibel. 

Reflection Loss in Dielectric Lenses. The power-roflection coefficient of a single 
interface between air and dielectric is given by 




(14-11) 


for perpendicular polarization (i.e., for the field vector E perpendicular to the plane 
of incidence), where $i is the angle between the ray direction in air and the normal 



Fio. 14-9. Approxiinaio dissipation loss in a zonod-dicloctric lens. 


to the surfaces, and n is the index of refraction of the dielectric. For parallel polariza- 
tion (E in the plane of incidence) the power-reflection coefficient is 


tan* 

. . sin 01 

9i — sin * -- 

N 

tan* 

- , . , win 01 

01 + sin 1 — 

n 


For normal incidenc.e 


0), both Eqs. (14-11) and (14-12) reduce to 


(14-12) 


(14-13) 


The power-reflection coefficient is the same whether the incident wave is in air or in 
the dielectric medium, as long as 0i specifies the ray direction in the air region. A 
graph of E(is. (14-11) and (14-12) appears in Fig. 14-10 for dielectric constants of 2.5 
and 4.0. It is seen that for perpendicular polarization rises as 0i increases from 
zero and equals unity at = 90°. For parallel polarization, ry* decreases with 
increasing angle until it reaches zero at 0i = tan”^ n (known as Brewster’s angle), and 
then increases to unity at $i — 90°. 

In the case of the usual two surfaces of a Ions, internal multiple reflections between 
the surfaces have a pronounced effect. The total power-transmission coelficient of 
the lens depends upon the phase length of the ray path in the dielectric and may lie 
anywhere between a minimum of STmin* * [(1 — r*)/(l + r®)]* and unity. For 
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polystyrene and normal incidence, this minimum is 0.82, which represents a 0 . 9 -db 
loss. However, the usual lens varies widely in thickness over the aperture and there¬ 
fore numerous approximately sinusoidal fluctuations occur in the transmitted energy 
over the aperture. The average total-power-transmission coollicient of the lens is 



therefore approximately = J^(i + ^he major 

amount of energy passes through the lens at near-normal incidence, and hence a good 
average value to choose for r* is the normal-incidence value. Figure 14-10 shows this 
o be particularly true if waves of both polarizations are incident upon different 
portions of the lens. Thus the total average reflection loss of a dielectric lens is 
approximatoly 

Lens reflection loss « 10 log.o (l + j-^ 4 ) “ 8-60 ~ db (14-14) 


Lens reflection loss « 10 log.o (l + 5 -^ 4 ) « 8.69 db (14-14) 

For a polystyrene lens the average reflection loss is approximately 0.6 db. 
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Another serious efTcct of surface reflection is an incrotiscd side-lobe level due to the 
amplitude and phase variations over the aperture resulting from the reflection inter¬ 
action. Also, with certain lens designs, the reflection from one of the surfaces is 
normally focused back into the feed, and special means, such as a ferrite isolator or 
the techniques of Fig. 14-3, are required to reduce the VSWll of the feed. 

Methods of Matching Surfaces of Dielectric Lenses. The reflection loss and other 
deleterious effects of surfaces discussed above may be greatly reduced by surface¬ 
matching techniques.®'^® One method of matching a lens of refractive index n is the 



Fio. 14-11. Single-boundary power-rcfloction coefBciont for a dieloe,tri<'. Ions of refractive 
index 1.57 with and without a quarter-wave matching sheet. 

same as that used in the optical-wavelength range. This involves the use of a quarter- 
wave surface layer of dielectric mctorial having a refractive index approximately ecjual 
to Vn. 

The reduction in reflection loss obtained by quartor-wavo-layor matching at normal 
incidence is shown as a function of angle in Fig. 14-11 for n « 1.67 («r •- 2.47). A 
vast improvement is seen to occur at all angles up to at least 50® in both polarissations. 
If desired, the layer may be designed to favor larger angles, through the use of the 
following exact formulas for the dielectric constant and thickness of the matching 
layer as functions of the angle of incidence: 

^ “ ■! (14-16) 

For pcrpondiculiir poltirisitiiioii of inoidoiuto: 

6,, = Hill® 01 + coH Slit,, - Hin® 0i)ii (14-16) 

For parallel poluriisation of iiioidonco: 

»r, - aill® 01 _ cos 0,(er, - Hill® 

- (14-17) 

where t is thioknosH of the layer measiircil perpendicular to the Biirfiuie (plotted in 
Fig. 14-12 for «ri = 2.65), \ in froc-ypaco wavelength, 0i Ih angle between the ray in 
air and the surface normal, is relative dielectric constant of Ions interior, and is 
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to (14-17) reduce to the well-known formulas e,, = y/^ and < = X/(4-v/Z 1 
to mixture wWch may also contain air as in foams, can be manufactmed 

to have any desired dielectnc constant and may therefore prove suitable for this 
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(o) VERTICAL 
CORRUGATIONS 



(b) HORIZONTAL 
CORRUGATIONS 
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Bi -ANGLE OF INCIDENCE 

technique However, the dielectric medium of the lens itself may be used 
Ltch^^l^ matching layer. In this case the effect of a quarter-wavelength 

Rate i1 !T«^ “ f !f the shape of the airKliclectric bounder, 

gure 14-13 shows some of the matchmg configurations that may be used. In each 

case a match may be obtained at a given 
frequency and angle of incidence by the 
proper adjustment of the depth of the 
perturbation and of one other parameter, 
such as the width of a groove. 

Formulas have been obtained for cor¬ 
rugated-surface matching that have 
proved experimentally to bo extremely 
accurate. 10 Figures 14-14 and 14-15 give 
design curves for the two orientations of 
the corrugations with respect to the 
.fi'-field vector. In both cases perpendicu¬ 
lar polarization of incidence is assumed. 
Although the calculations were made for 
a lens dielectric constant of 2.55, the 
curves are relatively insensitive to this 
quantity and should be quite accurate 
for dielectric constants from about 2.3 
to 2.8. The depth of the corrugations, 
that is, the thickness of the matching 
layer, is given by Eq. (14-15), and by 
j A • T-.. ^8- 1^12 for €r, = 2.55. 



(c) WAFFLE IRON 
SURFACE 


^^(d) ARRAY OF 
DIELECTRIC CYLINDERS 



(e) ARRAY OF HOLES 
IN DIELECTRIC 

Pio. 14-13. Simulated quarter-wave match¬ 
ing transformers for lens surface. 




natural-dielectric lenses 

Corrugations parallel to A’—porpoiidicular polarization: 
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d _ cos 9] V«fi - sin* Bi — oos“ fli 

t - (i4ri8) 

Corrugations perpendicular to E —perpendicular polarization: 

^ =_!r!_. r I — 1 n 

^ - 1 L sin« 9. + cos 9, - sin* 9 J 



po“arLtlbli’°«"'-*2 65 “"“ corrugations parallel to E aold -porpondicular 

An approximate formula is also given by Morita and Cohn for lens matching by 
means of an array of cylindrical holes. For perpendicular polarization, and for center- 
to-centcr spacing « small 

A rea of holos ^ A(gr, + l)(eri - sin^ 0 i - cos Si - sin» 61 ) 

Total area 2er,(er, — i) -- (14-20) 

where A is a correction factor determined experimentally. For the case of s/X » 0.16, 
er, » 2.5, and 0 i « 45°, A was found to be about 1.15. Similarly, a study of the 
waffle-iron configuration of Fig. 14-13 indicates that the ratio of dielectric area to 
total area on the surface is approximately equal to a correction factor B times d/t 
from Pig. 14-15. For the case of 2^/\ « 0.35, €r, « 2.5, and ^1 « 45°, B was found 
experimentally to equal 0 . 88 . 
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14-10. Dioleotric-lens 



o o o o 
o oo 

hexagonal array 
OF obstacles 

matching by means of a plane array of obstacles. 


case. However, Pig. 14-11 shows that a design for normal incidence (9i = 0) gives 
a very good inatch for parallel polarization out to at least 60®, and therefore such a 
design should be satisfactory for most purposes. 
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Another method of matching shown in Fig. 14-16 utilizes discrete conducting 
obstacles embedded in the dielectric at a prescribed distance from the surface.® 
The reduction of reflection loss that may be obtained with this type of matching is 
shown in Fig. 14-17 for a polystyrene surface designed for a match at normal incidence. 
The design formulas for a match at any angle of incidence are as follows: 

I _ 

X (cr, - sin® (14-21) 

^ = cot 20 (14-22) 


where / is the spacing of the obstacles from the surface, X is frec-space wavelength, er, 
is the dielectric constant of tho lens, B/Yz is the normalized shunt susceptance of the 



Fig. 14-17. Powor-roflc<!tion oooffioiont of a single dielectric boundary with and without 
matching by a plan<i array of discrete obstacles—er ™ 2.47. 

array of obstacles in tho lens dielectric, and <f> is the electrical distance between tho 
obstacles and tho surface (measured in the dielectric). The condition for perfect 
match gives <j> as follows for perpendicular polarization: 


^ 1,0“ < ^ < 136« (14-23a) 

and for parallel polarization: 


tan* 0 


Cn COS dt 

\/«ri — sin® 0 i 


90° < 0 < 135° for di < tan“* \/<ra 
0 < 0 < 45° for > tan”^ 


(14-235) 


In computing the matching parameters, 0 should first be determined from Eq. 
(14-23a) or (14-235), and then }/\ and B/Y 2 from Eqs. (14-21) and (14-22). Finally, 
the dimensions and spacings of the obstticle array must bo determined to give, the 
desired value of /VF 2 . Theoretical relationships have been obtained by Jones and 
Cohn® for a hexagonal array of thin circular disks. For the general formulas that 
apply to tho various cases involving discrete obstacles and wire grids, reference should 
l)c made to that article. Figure 14-18 shows the dependence of //X and d/\ on 
pt)larization and angle of incidence for a hexagonal array of disks in a medium of 
n = 1.57, or 6r = 2.47. 
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B diameter and spacing from surface for a hexagonal array of disks matching 

a dielectric>lcns surface at normal mcidence—«r * 2.47, a X/3.14. ** 
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Fio. 14-19. Radiation patterns of unmatched and matched lenses. 

Example of Lent Matching. The great improvement in performance that may be 
obtamed when the surfaces of a dielectric lens are matched was demonstrated by 
inoasimcments on three cylindrical lenses.” One of those lenses was unmatched, a 
second was matched by embedded conducting disks, and the third by corrugations 
porpen^culw to the E-&e\d vector. The radiation pattern of each lens mounted in 
an ff-plane flared horn is shown in Fig. 14-19. The measured side-lobe level, relative 
gam, and input VSWR of the horn are tabulated for the three lenses- 


Unmatched. 

Disk-matched. 

Corrugation-matched. 
(Horn alone). 


Side-lobe level, db 

Hclative gain, db 

-19.6 

0 

-34 

+0.4 

-30 

+0.1 
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The high input VSWR of the unmatched lens is due to reflection from the plane 
second surface. The high side-lobe level is due to forward scattering of the reflected 
components by the walls of the horn. The side-lobe energy may be reduced con¬ 
siderably (and the gain somewhat) by providing absorbing material along the narrow 
walls of the horn or by eliminating these walls entirely so that the reflected energy 
may scatter in the rearward direction. However, the results with the two matched 
lenses show that a large reduction in VSWR and side-lobe level may be obtained by 
matching the surfaces while at the same time a small improvement in gain is achieved. 

14.6. ARTIFICIAL DELAY LENSES 


A wave-propagating lens medium with velocity less than that of light may be 
fabricated from metallic or dielectric obstacles arranged in a three-dimensional array. 


Tji—i r 


man 
□ □ 
□ □ □ 


hb-H Hi|.. 

mii 

_0 O II 
O O O I I 


1 m 

^ O O Ml 

O O O Ml 

(c) (d) 

Fig. 14-20. Artificial delay media consisting of arrays of thin square, circular, and long- 
strip metallic obstacles. 

Usually the obstacles are supported by a low-density dielectric foam. In a lens such 
a medium is capable of behavior identical with that of a natural dielectric, but with 
the advantage of greatly reduced weight. This advantage makes artificial delay 
media well suited for use in largo lenses. A further advantage of artificial media is 
that the refracstive index may bo made to have any desired value over a wide range 
and may be varied easily throughout the lens. Furthermore, surface matching may 
be readily incorporated into the design. 

The artificial delay lens was first introduced in an article by Kock.^* A general 
discussion of the subject is given in the monograph by Brown* and in an article by 
Susskind.^* Further discussion and a bibliography through 1953 are given by Swift 
and Higgins.A still more recent bibliography is given by Harvey.**^ 

A number of difTorent types of artificial delay media are available for lens design. 
Arrays of spheres can be made to behave like an isotropic natural dielectric. Figure 
14:-20 shows arrays of thin metallic obstacles which are not isotropic but are much 
lighter and more easily constructed than the sphere arrays. The arrays of square and 
circular obstacles can be used whenever the field-component vectors E and H are 
maintained approximately parallel to the plane of the obstacles, while in the case of 
the metal-strip arrays a further restriction is that H must be parallel to the length of 
the strips. Thus the thin-obstacle structures are useful only when the direction of 
wave propagation is closely perpendicular to the obstacle planes. This condition is 
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met in some of the more important lenansurface designs (for example, those of Fig. 
14-2a--c), while in other cases the deviation from perpendicularity may not be serious, 
Isotropic Arrays of Metal Spheres. Spherical-obstacle arrays have been treated 
theoretically by methods analogous to those used for molecular media.^^.is.ia Thus 
the equivalent dielectric constant cr is computed in terms of the electric polarization 
per unit volume induced by the incident electric field, and the equivalent permeability 
fir in terms of the magnetic polarization per unit volume induced by the incident 
magnetic field. The index of refraction is given in terms of e, and /zr by n =» 

For a S 3 rmmetrical three-dimensional array of metal spheres in a supporting medium 
of €fi >1, Mri = 1 (e*g-> foamed dielectric), the dielectric constant, permeability, 
and index of refraction are given by 


where 




1 +2flr 


1 -g 

1 +flr/2 


n 

g 


-4 


1 

1+^/2 

tD^N T 


1 


6 Ll - (3.62)/Xi)*J 


(14-24) 

(14-25) 


(M-20) 

(14-27) 


D is the diameter of each sphere, N is the number of spheres per unit volume, and 
Xi = X/V^ is wavelength in the supporting medium. It will be noted that ftr is 
less than unity. This results from the fact that the high-frequency magnetic field 
cannot penetrate the spheres. When D/\i is less than 0.1, p is almost independent of 
frequency and n is almost constant. In this case g == irDW/0 is the fraction of the 
medium occupied by the spheres, and this quantity is therefore called the fractional 
volume. For 2>/Xi, greater than 0.1, these formulas predict a rise in refractive index 
with increasing frequency. The frequency-dependent factor in Eq. (14-27) takes 
into account the resonance of each sphere, which is assumed to occur at 2> » Xi/3.6. 
Although there is theoretical justification for this factor, it is not rigorous, and there¬ 
fore it is advisable to use Eq. (14-27) with caution above Z>/Xi = 0.2. 

Static measurements made by Kharadly and Jackson have shown that E(i8. 
(14-24) and (14-27) (with Xi = oo) are extremely accurate for a cubical array of 
spheres for D/h up to 0.80, where 6 is the center-to-center spacing. At D/h « 0.85, 
the formulas are still only about 2 per cent low. Kharadly and Jackson also give 
an improved formula, for 6/Xi « 1, that agrees with their experimental data for 
D/h up to 0.98. 

Isotropic Arrays of Dielectric Spheres. The use of dielectric spheres in an array 
has advantages over the use of metal spheres.The principal advantage is that 
the magnetic field penetrates the dielectric sphere freely, and hence fir « 1 and 
n = Thus a net increase in n usually occurs when diclcct.ric material is sub¬ 

stituted for metal, even though 6r is somewhat less with dielectric spheres of the same 
diameter and spacing. The refractive index for dielectric spheres is 

where ° 

€ri is the dielectric constant of the supporting medium and er* that of the spheres, 
D is the diameter of each sphere, N the number of spheres per unit volume, and 
X 2 = X/V^- For D/X 2 > 0.25, Lewin has found theoretically that €ra in Eq. 
(14-29) should be replaced in both numerator and denominator by <r,(l + (?*/10 -j- 
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90V7OO +•••)» where B = tD/Xs (Befs. 13 and 15). When thus modified, Eqs. 
(14-28) and (14-29) arc believed to be accurate for D/Xj up to 0.5. A close experi¬ 
mental check has been made for D/Xa = 0.16 (Ref. 16), and above that figure it is 
advisable to use the formulas with caution. 

Voids in a Solid Dielectric. Equations (14-28) and (14-29) also apply to the case 
of an array of spherical voids in a solid-dielectric medium. In this case, €r, is set equal 
to unity while is the dielectric constant of the solid medium surrounding the voids. 

The same equations have also been used with good engineering accuracy for voids of 
cylindrical shape. In this case, holes were drilled in dielectric plates that were 
then stacked to form the lens. The holes in adjacent plates were nonaxial, and there¬ 
fore the cylinders had a length equal to the thickness of the plate and approximately 
equal to their diameters. In using Eqs. (14-28) and (14-29), the quantity rD^N'/6 
was replaced by the actual fractional volume of the voids with respect to the total 
volume. 

Equivalent-molecular-me ditun Analysis for Arrays of Thin Obstacles. The 
original method used for computing the refractive index of arrays of thin obstacles 
utilizes the analogy to a molecular medium.^® For obstacles much smaller than their 
spacings, and for spacings much smaller than the wavelength, the following formulas 
hold for the equivalent dielectric constant, permeability, and refractive index of a 
three-dimensional array of parallel thin obstacles: 



(14-290) 


(14-29&) 

n = V^ 

(14-29C) 


where en and imi are relative constants of the medium embedding the obstacles (/i^ 
usually = 1), at and om are, respectively, the electric and magnetic polarizabilities of 
an isolated obstacle for the particular orientation of the impressed electric or magnetic 
field (assumed to be parallel to an axis of symmetry of the obstacle), N is the number 
of obstacles per unit volume, and ei and m are the absolute constants of the embedding 
medium. Note that if the magnetic field is parallel to the obstacles, this field is 
undisturbed, and nr = /uri (usually = 1). In this case 

VI (14-29d) 

A chart giving oejti and am/tn for many obstacle shapes with various field orienta¬ 
tions appears in Pig- 14-21. Note that in two-dimensional arrays of strips, rods, 
etc., V in Eqs. (14-29o) and (14-295) represents the number of obstacles per unit area 
in a cross section, perpendicular to the long axes of the obstacles. 

It is scon from the above equations and Fig. 14-21 that 6r and fir depend upon the 
E- and IT-ficld directions. If these directions are not parallel to axes of symmetry 
of the medium, tensor expressions for «r and fir are required in analysis, and birefringent 
(doublc-rofractive) effects will occur.^®^ 

Equation (1429a) has boon found to hold quit© accurately for obstacle dimensions 
up to about six-tenths of the contor-to-center spacings. For symmetrical arrays of 
metal spheres, the Clausius-Mosotti modification [Eqs. (1424) and (1425)] gives 
good results for much closer spacing. In the case of a tetragonal array of very thin 
obstacles, with E in the plane of the obstacles, the following formula due to Brown 
and Jackson'*® gives excellent results for the dielectric constant for -C/h > 0.6 and 
5/Xi <0.1. 

_ = . /"l +_^ (14296) 

^ + 1 - 0.360a./5®e,/ 
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OBSTACLE 

SHAPE 

ELECTRIC POLARIZABILITY 

MAGNETIC POLARIZABILITY 

THIN 

CIRCULAR 

DISKS 

ae 2d® 

M — 

W Ml ■ 

THIN 

ELUPSES 

Zblrcr 3(l-k®)[F{l0-E(k)] 

1 ^ ** . 4Tflb*k* 
-JaoP *• 3lE(k)-(l-k*)F(k)] 

.1 «in . 

X® Ml 3E(k) 

THIN 

SQUARES 

^■W32d» 

X* S ^ • 0.455d» 

THIN 

RECIANGLES 

ae irw®{ 

«»w 

ojn 

H. Ml ° 4 

THIN 

INFINITE 

STRIPS 

ae vw* 

SEE TExf ^ 

Cm _ vw* 

SEE TEXT ^ 

CIRCULAR 

CYLINDERS 

SEE TEXT 

r-i^ ^.2ira*sEE 

SPHERES 

f© ^ • w 

“to ^'2”’ 

MODERATELY 

THICK 

OBSTACLES 


^ om 


Fia. 14-21. Electric and magnetic polarizabilities for obstacles of various sha pes and for 
various field orientations. F(k) and E{k) are complete elliptic integrals, k =« *\/l — (&/a)*, 
r is the volume occupied by an obstacle. 

Comparisons with experimental data show the formula to bo about 1per cent low 
for d/b = 0.833 in the case of disks and about 2J^ per cent low for d/h = 0.85 in the 

case of squares. The formula presumably 
holds for thin obstacles of other shapes (e.g., 
elliptical) in tetragonal arrays, but this fact 
has not boon tested experimentally. 

Other formulas for the equivalent dielec¬ 
tric constant of obstacle arrays are available. 
Brown and Jackson grivo a formula that 
compares very well with experiment in the 
case of tetragonal arrays of thin disks for 
^/h < 0.6. Kharadly and Jackson^®* give 
modifications of Eq. (14-29a) that give ex¬ 
cellent results compared with their experi¬ 
mental data for square arrays of cylinders 
of diameter up to 0.98 times the centcr-to- 
center spacings and for square arrays 
(4/h = 1) of strips for w/b up to 0.7. 

Equivalent-transmission-line Method. 
Although the molecular-medium method 
can be extended into the range 6/Xi >0.1 
through the use of correction terms, gener¬ 
ally better results may be obtained by the equivalent-transmission-line method. 

The way this method is applied is illustrated by Fig. 14-22, which shows a number of 




Fio. 14-22. Equivalent circuit of obsta¬ 
cles in a parallel-plane line. 
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conducting obstacles in a parallel-plane transmission line. That each obstacle repre¬ 
sents an infinite planar array of obstacles is easily seen by considering the images of 
the obstacle in the horizontal electric walls and vertical magnetic walls of the parallel- 
plane line. Hence the phase velocity and refractive index of a TEM wave traveling 
in the transmission line arc identical with the same quantities in the equivalent 
infinite array of obstacles. A circuit representing the transmission line loaded with 
obstacles is given in Fig. 14-226. The susceptance B represents the shunt susceptance 
of a single obstacle in the transmission line, while the bridging susceptance B' repre¬ 
sents an effect of close proximity of successive obstacles in the line. A single section 
of the periodic circuit is shown in Fig. 14-22c, and its lumped-constant equivalent in d. 

The normalized shunt susceptance B/Fo (where Fo is the characteristic admittance 
of the parallel-plane line) is the most important quantity in the equivalent circuit of 
Fig. 14-22. The bridging normalized susceptance B'/Fo vanishes for all practical 
purposes when l/h is greater than 0.75. Even for smaller B'/Y^ has negligible 

effect for 6/Xi < 0.2 (Xi is wavelength in the supporting medium). Values of B'/Fo 
have been computed only in the case of the metal-strip medium, which will be con¬ 
sidered separately. Formulas for refractive index and image admittance (effective 
characteristic admittance) of the medium are as follows, with B' omitted from the 
circuit: 

n = cos“i ^cos ^ sin (14-30) 

yi = y/Zt\l+ cot 0 - (14^1) 

where X is frco-spacc wavelength, Xi =* X/V^n is wavelength in the embedding dielec¬ 
tric (such as dielectric foam), crj is the dielectric constant of the embedding dielectric, 
/ is spacing of the obstacles in the line, = 360‘’^/Xi is electrical line length between 
obstacles, and yi is the image admittance of the medium normalized with respect to 
the characteristic admittance of free space. The image admittance is evaluated in 
the plane of the obstacles at the surface of the medium. The following low-frequency 
forms of Eqs. (14-30) and (14-31) are accurate up to about 6/Xi = 0.1. 

2/7 “ n (14-33) 

Metal-strip Medium. In the case of the medium of Fig. 14-20d composed of very 
thin inctal strips, the following formula gives B/Fo for use in Eqs. (14-30) to (14-32): 

^<0-2.1 >0-75 (1«4) 

If 6/Xi > 0.2, with //b > 0.75, a graph of B/Fo given by Marcuvitz** may be used. 

However, in a practical metal-strip medium it is usually desirable to violate both 
of the conditions specified for Eq. (14-34). The formulas given by Cohn^® cover all 
values of 6/Xi and //6 and include the full effect of both B and B' in the equivalent 
circuit of Fig. 14-22. Because the formulas do not lend themselves to ready computa¬ 
tion, they are not included here, but a set of values of n and yi computed from these 
formulas are given in Table 14-1. Experimental measurements of refractive index 
have been made on five different test samples for -C/b ranging from 3/4 t to 3/27r, w/b 
from 0.5 to 0.7, and 6/Xi from O.I to 0.5 (Ref. 23). The maximum discrepancy 
between the theoretical and experimental values in the complete set of measured 
refractive-index points was only 2.2 per cent, and in most cases the agreement was 
much better. 
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Other formulas for the metal-strip medium have been derived by Kock,^* Kharadly 
and Jackson,^®* Sharpless,and Howes and Whitehead.®® 

Medium Containing Thin Metallic Square and Circular Obstacles. The arrays of 
Fig. 14-20a-c are the most suitable for cases in which the field vectors E and H are 
confined to a plane parallel to the obstacles but whose orientations are not fixed in 
that plane. Precise static values of the quantity BXi/Yob have been measured by an 
electrolytic-tank technique as a function of d/b and ^/b This experimental method 
takes exact account of all proximity effects.®^ The data are listed in Table 14-2 for 
the cases of Fig. 14-20a-c. 


Table 14-1. Refractive-index and Image-admittance Values for the Metal-strip 

Delay Medium 


l/b 

b/X 

w 

b “ 

= 0.5 

--0.6 

^-0.7 

n 

yi 

n 

yi 

n 

yi 

S/4:ir 

0 

1.237 

1.237 

1.361 

1.361 

1.630 

1.63C 


0.3 

1.280 

1.182 

1.432 

1.270 


1.388 


0.4 

1.322 

1.125 

1.606 

1.176 

1.770 

1.233 


0.5 

1.405 

1.036 

1.657 

1.017 

2.056 

0.9618 

l/r 

0 

1.226 

1.225 

1.337 

1.337 

1.490 

1.490 


0.3 

1.263 

1.164 

1.399 

1.236 

1.583 

1.32S 


0.4 



1.465 

1.133 


1.152 


0.5 

1,370 



0.9454 

1.947 

0.8116 

Z/2v 

0 

1.188 

1.188 

1.279 

1.279 


1.400 


0.3 

1.216 


1.326 

1.148 

1.475 

1.187 


0.4 

1.243 

1.028 

1.376 

1.003 


0.9402 


0.5 

1.299 

0.8669 

1.488 

0.7109 

1.924 

0.2195 

2/ir 

0 

1,154 

1.164 

1.229 

1.229 

1.328 

1.328 


0.3 

1,176 

1.048 


1.060 


1.047 


0.4 

1.200 

0.9229 

1.316 

0.8385 

1.604 

0.0490 


0.5 

1.253 

0.6155 

* 


* 

* 


* Imaginary values. 


These values may be used for 6/Xi up to about 0.25, where resonance effect begins 
to make EXj/Y^b increase above its static value. With the aid of these values and 
Eq. (14-30) or (14-32), accurate values of refractive index may be computed (subject 
to the restrictions of the equations) for the arrays of thin obstacles to which the 
B\i/Yob values apply. Graphs of refractive index versus d/b and 4/b for the three 
cases were computed from Eq. (14-32) and are given by Cohn.®^ Static values of 
er( = n®) have been obtained by another experimoiital method by Kharadly and 
Jackson for arrays of strips, cylinders, and disks. The agreement with Cohn^s 
theoretical results for strips and experimental results for disks is generally very good. 

In practical lens media it is frequently desirable to make 6/Xi > 0.2 and (/b < 0.75, 
which exceeds the range of validity of Eq. (14-30). Measured high-frequency 
refractive-index data have been presented by (John to cover these ranges.®® Ho gives 
separate graphs of refractive index versus 6/Xi and d/b for i/b spacings of 0.25, 0.35, 
and 0.5, for both square obstacles (Fig. 14-20o) and circular obstacles with hexagonal 
distribution (Fig. 14-206). One of these graphs is reproduced in Fig. 14-2Ii. When 
using these data, it is important to note that the obstacles in the test samples con- 
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sisted of O.OOl-in.-thick silver which had been silknscreened on. 0.006-in.-thiek poly¬ 
styrene sheets, those sheets being separated by polystyrene-foam spacers. The 
dielectric constant of the foam was 1.03. The center-to-center spacing b was 0.960 in. 
Appreciable differences in refractive index will occur for different constructions. A 
simple procedure is given by Cohn which takes account of changes in dielectric con¬ 
stant, changes of sheet thickness, etc.*** Although this correction technique is an 
approximate one, it has given excellent results in several applications where the 


Table 14-2. Values of HXi/Vah for Thin Square and Circular Obstacles 


dib 

t/b - o.as 

i/b - 0.36 

e/h « 0.60 

t/b - 0.(16 

e/b > 0.75 

(a) Square obstacloH 

0.60 

0.648 

0.768 

0.830 

0.855 

0.SS9 

0.60 

1. 16 

1.35 

1.475 

1.54 

1.50 

0.70 

1.96 

2.25 

2.45 

2.53 

2.57 

0.76 

2.48 

2.87 

3.11 

3.21 

3.25 

0.80 

3.18 

3.62 

3.97 

4.13 

4.18 

0.86 

4.26 

4.78 

5.15 

5.32 

5.37 


(h) Circular ohBtaclc‘a, square distribution 







i/b > 0.8 

0.60 

0.68 

0.81 

0.93 

0.97 

0.98 

0.70 

1.13 

1.84 

1 .51 

1.58 

1.00 

0,76 

1 .46 

1.71 

1.91 

1.98 

2.01 

0.80 

1.86 

2.17 

2.40 

2.50 

2.54 

0.85 

2.36 

2.72 

3.00 

3.11 

3.17 


(c) Circular obstacles, hexaRonal distribution 



obstacles wore applied directly to the dielectric-fouin separators and where tho dielec¬ 
tric constant of the foam ranged from 1.06 to 1.19. 

Methods of Matching Artificial Delay Lenses. In the case of thin-ohstaclo arrays 
where H is parallel to the plane of tho obstacles, and also in the case of thick dielectric 
obstacles such as dielectric spheres, the low-froquoncy image admittance (or charac¬ 
teristic admittance) of the medium is equal to tho refractive index. This is typified 
by the data of Table 14-1 for the metal-strip medium. Thus Eq. (14-13) applies to 
these types of media. I n tho case of a metal-sphere array, the low-frequency image 
admittance is equal to which is always greater than n, and hence results in an 

even larger surface reflection. 

At b/\i > 0.1, the problem of surface reflection is more complex. With reference 
to Fig. 14-22, tho image admittance is best defined in the plane of the obstacles. It 
is seen from tho figure that tho surface obstacles should have one-half the shunt 
susceptance of the internal obstacles if a discontinuity susceptanoe at the surface plane 
is to be avoided. Thus the surface obstacles must be of smaller size than the internal 
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obstacles. If the surface obstacles are made the same size as the internal obstacles, 

the discontinuity susceptance included at 
^ I I I ——|~-i—p—I— the junction of air and the delay medium 

23 — b=o.950"-invariably increases the reflection. 

25 — 4=0.35-- Equation (14-31) and Table 14-1 both 

--1- show that yi decreases more and more 

--1- rapidly with increasing frequency until it 

2.5- 1 - reaches zero at the cutoff frequency of the 

-- Li, medium. Since yi is in all cases greater 

-- 0.763 than unity at b/\i = 0, it is necessarily 


0-4hn(0)=yi(0)=l.40 


SURFACE OBSTACLES 
SAME AS INTERNAL 
OBSTACLES, Bd>0 ^ 


SURFACE OBSTA¬ 
CLES REDUCED IN 
SIZE, Bd=0 . 


Fig. 14-23. Index of refraction of thin 
square obstacles on 0.005-in. polystyrene 
sheets spaced by polyfoam, l/h ^ 0.35 


Fig. 14-24. Voltage-reflection coefficiont at 
a single boundary of an artificial delay 
medium with and without a discontinuity 
susceptance. /c is tho cutoff frequency of 
the medium. 


equal to unity at some particular value of 6/X,, generally between 0.3 and 0.5. At this 
value of 6/Xi, a perfect surface match may therefore be 
obtained.^* This is indicated by Fig. 14-24, which shows 
^ _ I Id I d I I I voltage reflection coefficient vs. frequency for two 

y L I I I cases: one where the surface discontinuity susceptance is 

. , I I II reduced to zero through modification of the surface ob- 





stacles; the other for surface obstacles equal to the in¬ 
ternal obstacles. The improvement due to the surface 
modification is clearly apparent, even when the lens 
medium is not used near the frequency of perfect match. 

A close approximation to the ideal case of zero discon¬ 
tinuity susceptance may be achieved by choosing tho size 
of the surface obstacles to conform to the following 
relationship: 

[^(^/&) + -SC )l»urfaoe obstacle “ [f^(^//^)]lnternalobBtaole 

(14-35) 


The susceptance S(</6) applies to the ^/6 of the lens. whUo 
obstacles. -dC ®o) IS the limiting value for tih large. These suscop- 

tances may be obtained from Table 14-2, for a number of 
different cases. It has been found in all cases, including the metal-strip case, that a 
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reduction in dimension (d or w) of the surface obstacles to 0.75 times the dimension of 
the internal obstacles yields a good match. 

Although the above method of matching is simple, it limits the choice of 6/Xi for 
the medium. Another method that would bo applicable for any value of 6/Xi is 
shown in Fig. 14-25. A plane array of obstacles of dimension dm is placed at distance 
■Cm from the surface of the lens medium. The equivalent circuit of the figure applies 
if the obstacle dimension d« is made less than d as described above to eliminate the 
discontinuity shunt susceptance at that point. Formulas in the figure give the 
spacing and the normalized suscep¬ 
tance Bm/Yo. The latter may be ob¬ 
tained from Eq. (14-34) for metal strips 
and from Table 14-2 for thin square or 
circular obstacles. 

Construction Methods for Artificial 
Belay Lenses. The most practical 
methods of construction have utilized 
low-dielectric-constant foam support for 
the obstacles. For example, Fig. 14-26 
shows how spherical obstacles may be supported by layers of dielectric foam. Alter¬ 
nate layers contain cylindrical holes in the desired array pattern, and the obstacles 
are set into these holes. Other layers without holes hold the spheres in place and 
maintain the proper vertical spacing. 

A method of construction suitable for metal-strip lenses is shown in Fig. 14-27. A 
lens of this type was designed by Kock for use in microwave relay systems.^* As 
shown in the figure, the individual strips are cut to lengths that provide the correct 


va : 

n 



n 



□ 



Fig. 14-26. Method of supporting an array 
of spherical obstacles in a dielectric-foam 
medium. 



Fig. 14-27. Construction of a inctal-strip delay lens. 


convex contour for focusing the wave. The strips are inserted into slots cut in 
dielectric-foam slabs, and the slabs are then stacked within a supporting frame to 
form the complete lens. 

Another construction technique that is suitable for any type of thin obstacle utilizes 
obstacles that consist of conducting paint that is silk-screened, or sprayed through a 
stencil, onto the surface of dielectric-foam spacers. Particularly good results have 
been obtained with the silk-screening technique using Dupont No. 4929 high-con- 
ductivity silver paint. The foam should be made with either a very fine grain or with 
a smooth skin on the surface. The latter is easily obtained by foaming the spacers 
between flat plates. An alternative method is to silk-screen the obstacles on 
thin dielectric sheets, such as 0.005-in. polystyrene, and to space these by dielectric- 
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foam layers. The lens assembly may be cemented together to form a light, strong 
mass containing the lens. 

14.7. PATH-LENGTH LENS MEDroM 

Another type of artificial delay medium, which is also due to Kock, is called the 
path-length medium.*^ As illustrated by Pig. 14-28, an effective retardation of phase 
velocity in the lens medium is obtained by constraining the wave to follow a serpentine 



DELAY CONSTRUCTION 

Pig. 14-28. Use of conducting plates or grids (shown dotted) to effect a wave delay. 


path. This is shown clearly in the example of Pig. 14-29, where a hyperboloidal lens 
is formed of flat plates slanted with respect to the lens axis. Examination shows that 
the effective refractive index of the lens is related to the slant angle d by 


n 


1 

cos d 


(14-30) 


Closely spaced wire grids may also be used to force the wave in the medium to follow 
an elongated path. 

Path-length lenses have the advantage over other artificial lens media that the 
refractive index is independent of frequency and may therefore be used over very 
broad bandwidths, subject only to the condition that the plate or wire spacing be less 
than a half wavelength. They also have the advantages of much wider tolerances 
and fewer parts. However, they possess a number of disadvantages which must be 
evaluated carefully in any application. Por example, the electric field must be 
polarized parallel to the plane of constraint. Also, in the case of slant-plate con¬ 
struction, the aperture illumination is distorted in the plane of constraint and scanning 
in this plane affects the focusing of the beam. 

Another example of the path-length principal is in the design of line sources. Here 
a parallel-conducting-shoet region is shaped so that a cylindrical TEM wave emerging 
radially from a source is changed into a plane wave at the linear aperture. By 
Permat’s principle the ray paths are geodesics of the mean surface between the 
conducting sheets. One example of this type of construction is the double-layer 
pillbox. Another is a geodesic analogue of the Luneberg Lens. These are described 
in more detail in Chap. 15. 
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Fig. 14-29. Slant-plat© path-length lens. 


14.8. METAL-PLATE WAVEGUIDE LENSES 

In tho metal-plato waveguide medium, the phase velocity exceeds that of free 
space, and hence the index of refraction is less than 1 (Ref. 28). Thus if the plate 
surfaces are spaced a apart (Fig. 14-30), the refractive index is given by 

” - V'-fey 0“” 

The metal-plate waveguide medium operates in the fundamental TE mode of wave 
propagation, which requires the electric-field vector to be parallel to the plates, m 
shown in Fig. 14-30. When a single set of parallel plates is used as in this figure, it is 
necessary to avoid a wave with an electric-field component perpendicular to the plates, 
since this would excite a TEM mode propagating between the plates with the velocity 
of light. The energy in the TEM mode would not be focused, and the over-all result 
would be a loss of gain and increased minor lobes. However, if two mutually perpen¬ 
dicular sets of parallel plates are used so as to form channels of square cross section 
in the direction of desired propagation (egg-crate construction), the phase velocity 
and index of refraction will be the same for any incident polarization. 

Constrained Refraction. An important difference between metal-plate and ordi¬ 
nary dielectric media is the constraint in wave direction caused by the plates. This 
is illustrated by Fig. 14-30, where it is seen that in the H plane the rays m the medium 
must always be parallel to the plates, irrespective of the angle of incidence; that is. 
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Fm. 14-30. (l(ii>Himiiir<t ri>friu'ti<tt> in It |>lniiit. 
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effect. In the shape designs sketched in Fig. 14-5c and d, constraint is purposely used 
to achieve wide-angle-scan performance unattainable with nonconstrained media.® 
One important point to notice is that in rotational lenses other than those of Fig. 
14-5a and 6, constraint must be provided in both the E and H plane (by egg-crate 
construction). If constraint were offered only in the H plane, the lens cross section 
would have to be different in the two planes to obtain focusing. 

Limitations on Plate Spacing. A basic limitation on the choice of plate separation a 


results from the fact that the medium 
must operate between the cutoff frequen¬ 
cies of the fundamental and next higher 
TE modes. This requires that 

0.6 < < 1.0 (14-38) 

where er is the relative dielectric constant 
of the material between the plates. This 
is usually air, and hence 6r is usually equal 
to unity. For air dielectric, this range of 
a/X corresponds to a range in refractive 
index of 

0 < n < 0.866 (14-39) 

However, a further restriction on plate 
spacing must be imposed if the existence 
of diffracted waves due to grating effect 
is to be avoided. It will bo shown later 
how such diffracted waves cause consider¬ 
able loss of transmitted power, distortion 
of the aperture illumination function, 
and consequent loss of gain and increase 
of minor lobes. The presence of one 
diffracted wave is shown in Fig. 14-30. 
This occurs in the direction in which the 
diffracted waves from the individual plate 
edges combine in pluise. It can only 
occur when the plate spacing exceeds a 
following condition is mot: 



O’f t 
— 


Fio. 14-32. Limiting angle of incidence for 
pure specular reflection vs. plate spacing. 

particular value and will be avoided if the 


- I > |sin 0.1 (14-40) 

where the various symbols are as defined in Fig. 14-30. The limiting value of this 
formula is shown graphically in Fig. 14-32, where the angle 0. of the ray in free space 
is plotted versus (a + t)/\ for different values of a from 30 to 90°. For each particu¬ 
lar value of a the region to the lower loft of the curve gives the ranges of 0. and 
(a + l)/\ in which diffracted waves are avoided. Equation (14-40) is also the condi¬ 
tion for avoiding a diffracted wave when the incident wave is in the metal-plate 
region, and the transmitted ray emerges at angle ^i. 

Reflection and Transmission at an Interface. For the case of E parallel to the 
plane of incidence and parallel to the plates (Fig. l4-31o) the power-reflection eoeffi- 
cient is (Ref. 2, p. 58) 

, ij, _ sin^ (gi - 62 ) 
sin* {di + 0a) 


(14-41) 
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where Oi is the ray anfilo in free space and $2 the ray angle in the parallel-plate medium, 
both angles measured from the normal to the surface. The plates are asHuined to be 
very thin*. Figure 14-3la shows the case of a wave incident from free space, but 
Eq. (JL4-41) also holds for a wave incident from the metal-plate region. The roHcctod 

ray is then within the metal-plate region at angle 
— 02. It is of interest to note that E(i. (14-41) 
is the same formula as in the case of a solid dielec¬ 
tric with E perpendicular to the plane of incadc^nc.c 
(Eq. 14-11). Equation (14-41) and SnelPs law 
of refraction hold for all angles of incidenc<s 
[if 0.5 < (a + 0 A < I-O], and dilTracted waves 
do not occur. However, this is not t.rue of par¬ 
allel polarization of incidence on a coihstrained 
medium (Fig. 14-31?>), and a solution for that 
case is not available. 

Considerable published information is available 
for the case of E perpendicular to tlu^ plane of 
incidence and parallel to the edgew of a set of very 
thin plates (Fig. 14-33).* The basic analysis is due to Carlson an<l IhMiis,®® while 
further theoretical work was done by Lengyel,” Berz,®® and Whitelu^nd.®* In the 
range of 0i free of diffracted waves, as given by Eep (M-^U)) and Fig. 14-32, the 


SPECULAR 



Fio. 14-33. Boundary of //-plane 
array of very thin inotal plates. 



Fia. 14-34. Relative power transmitted into inetal-philt* medium, \(f 0. 

powor-rcflection cooflicient for a wave incident on an array of plat.<M is 


Teos (01 

4- ^) - n ' 

cos (01 — ^ ) n 

[cos (01 


.cos (01 - i- n 


whoro 01 is the ray angle in free space, ^ is the angle betw(‘(M» Mu* normal to Mu* bound¬ 
ary and tlu^ plates, and n is the refractive index given by I0(i. (14-37). 'riic Hp(‘cularly 

* Arrays of thick plates have been treated by Primich*® for 0i = 0 and \J/ = 0. 
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reflected wave propagates at angle — 0i. UeciauHo of reciprocity, this formula also 
applies to waves m the plate rt'gion iinudcmt upon tlie Iree-spacc boundary, where the 
waves between the plates are phased to produce a transmitted wave propagating at 
angle Oi to the normal. For normal incidence and 0 «= 0, Eq. (14-42) reduces 

"" -h ^a)-, which is identical with th(‘ corresponding formula for a 

solid-dielectnc boundary [E(,. (14-13)1. In the rang<i of 6, where diffracted waves may 




Fkj. 14-35. Itclat.ivc-p<.w(*r truMHiniHHioii and r«dlcction f„r HtagK<ir«ui houndarv of metal- 
iiK'diuin, n ().(), 


exist, F<i. (14-42) is no long<T valid. Konnuhis for l.his rang<^ have been derived by 
Lengyel,®* H(^rz,“*and WhitiduNuh'*'* and are mu<'h more complicated than E<p (14-42), 
Figur<^ 14-;M shows the* pcrconlagcor power trnnsmitt(*d into a inetal-plato medium, 
for the conditions of Fig. 14-33 and - 0. the Ic^ft of th(» hnwik in ww.h curve, 
the nontransmitt (mI powc^r is r(dl<*cf.ed in the sp<‘cular ndlected wave, while to tho right 
of the hn^ik, tln^ n<»ntransmitt*Ml pow<T is divided IsdAvcMm the spwuilar roflcctod wave 
and a (liffra(d.(Ml wavc^. The* power loss in tin* latt<‘r r(*gion is seen to he very groat, 
and if at all possibles, it is ndvisahh* to avoid this region in a lens (hwign. At the 
points *S, the angle Qa of tin* (lillrMcted wave is <^<)ual to 0\ of the incident wave (Fig. 
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Whea ^ 7*^ 0, the reflection and transmission quantities are not symmetrical about 
9i = 0. This is illustrated by the graphs of Fig. 14-35 for ^ = 20° and 40°. These 
graphs show the portions of the power in an incident wave that are transmitted, 
reflected in a specular manner, and diffracted. 

Examples of the effect of transmission loss have been computed by Whitehead for 
various lens shapes.^s The results are shown in Fig. 14-36 for the principal II plane of 
a nonstepped piano-ellipsoidal lens. The solid curve is the proportion of power 
transmitted through the lens (ignoring multiple internal reflections) as a function of 
the aperture coordinate 2 /, while the dotted curve is proportional to the amplitude 
distribution on the plane surface of the lens. The loss in energy is seen to bo considor- 



Fig. 14-36. Proportion of power transmitted through lens and amplitude distribution to be 
expected across aperture for piano-ellipsoidal lens of Fig. 14-5a, n « 0.0. 


able, and the irregular aperture illumination is certain to increase substantially the 
minor-lobe level. 

The discontinuity effect at the boundary of the metal-plate waveguide medium also 
results in a phase change. Formulas giving this phase change have been derived by 
Lengyel,*^ Berz,®* and Whitehead.** Graphical plots of this phase change vs. angle 
of incidence are given by Berz and Whitehead and show a moderate variation with 
angle of incidence. Calculations by Whitehead for a typical piano-ellipsoidal lens 
show that substantial curvature of the wavefront occurs at the aperture when the feed 
element is at the focal point but that the wavefront may be made almost plane by 
moving the element slightly away from the focal point. 

The above-described data for perpendicular polarization of incidence on a set of 
parallel plates apply equally well to an array of thin-walled square or rectangular 
tubes (Fig. 14-316). However, for parallel polarization, the constraint offered by the 
array of tubes has a large effect on its reflection characteristics. This has been 
investigated by Wells,®** who has found that at the angle of incidence for which the 
diffra(!ted wave first appears, a strong, sharp peak of specular reflection also occurs. 

^ Methods of Reducing Reflection Losses. Within the anglc-of-incidonce range 
given by Eq. (14-40) and Fig. 14-32, the reflection from the surface of a metal-plate 
waveguide lens may be canceled through the introduction of an additional reflecting 
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X V TORTDN 

DIELECTRIC 

SHEET 

(a) 


MATCHINS 

jl^OBSTACLES 


discontinuity. Possible structures arc shown in Fig. l4-;{7, where in case a a dielectric 
shwt IS placed outside the lens, and in case 6 obstacles are placed inside the ions. In 
both ciiscs the iiiiipiiiitiule jiiid phjiHo of 
the Jidditioiial rofloetion are adjusted to 
cancel the reflection of the inetal-i)iatc 
array. The magnitude despends upon 
the dielectric constant and thic^kruiss of 
the dielectric sheet, or the shape and 
size of the ohstaedes, while the proper 
phase relationsliip is obtained throuj^h 
choice of the spaednp; of the diele(d.ric 
sheet or obstacles from the edges of the 
plates. The correct design for a giv(m 
lens may be obtained (ixperimentally. 

However, a tdieoretical d(‘sign may also 
he comput(ul through the use of graphical 
and tabulated data given })y bengyel for 
the magnitude and phase of the r<dlee- 
tion coeflicicmt of tlui boiindarv.''’ 


'^PORTION OF 
LENS 


(b) 






(c) 

Kitj. 14-;j7. Teehniipics for rodueing surface 
ndiccUoiiH in m(U,al-i)late hmses. 


<>f 9i in which dilirncted 

waves occur. Many early designs of niotal-plato waveguide lenses did not do this, 



and as a result, cotisiilerable loss of gain resulted. One met,hod of avoiding this 
condition, as may he seen from Fig. 1.1-32, is to reduce tlio plate spacing compared 
with waveleiigt h. I Imvcvcr, when this is done, the index of refraction is also reduced,. 
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which increases the reflection loss at angles near normal incidence and reduces the 
bandwidth. A further possibility is to fill the regions between the plates with dielec- 

trie material or to introduce ridges parallel to the 
axis of the lens in a manner analogous to ridge 
waveguide>'®^ In this way the plate spacing may 
be reduced to the point where diffraction is no 
longer a problem, while the index of refraction 
remains at a reasonable value. 

Another method of avoiding diffracted waves 
is to use a staggered arrangement of waveguide 
channels, as in Fig. 14r37c.®®» For waves of either 
FRONT VIEW OF PORTION OF LENS polarization lying in the indicated plane of inci- 
(o) dence, the spacing between scattering edges is 

effectively cut in half, thus doubling the frequency 
at which a diffracted wave would first appear. 
This staggered arrangement also eliminates the 
sharp peak of specular reflection that occurs with 
the nonstaggered array of tubes for parallel 
polarization. 

Examples of Construction of Metal-plate Wave¬ 
guide Lenses. Figure 14-38 is a photograph of a 
TYPICAL HORIZONTAL PLATE stepped metal-plate piano-ellipsoidal lens of the 
lb) type given in Fig. 14-55. This lens has an aper¬ 

ture of 40 wavelengths. The sheet-metal plates 
were cut to their individual shapes and then 
assembled inside a frame with metal spacers. 
This type of lens is limited to a polarization par¬ 
allel to the plates. Another method of construc¬ 
tion that is useful for very short wavelengths is to 
assemble alternate layers of foamed dielectric and 
metallic foil and then to machine the lens contour 
(j.) on this laminated block. 

Fia. 14-39. Method of construe- ^ particularly rigid lens structure may bo ob- 
tion of egg-crate-type medium. tained through the use of cgg-crate construction. 

Furthermore, if the channels in the lens are made 
square, the lens may be used with any polarization. Figure 14-39 shows a technique 
of manufacture that has been found highly satisfactory. Slots are punched in the 






Fig. 14-40. An JJ-plane sectoral horn equipped with a constant-thickness waveguide lens. 
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horizontal plate to aocommodato the tobs in the vertical plates. The tabs must be 
spaced along the joint by no more than a quarter wavelength if suHieicntly good elec¬ 
trical conductivity is to bo obtained. The various sheol>iuotal plates arc preout to 
proper shape, anil as each layer is added in assembly, the tabs are staked in place 
The resulting structure is very rigid, particularly when hold by a surrounding frame 

A line^iource typo of waveguide lens is shown in Kig. !• W0.‘» The lens is located in 
the mouth of an ^f-plane sectoral horn who.se height is made leas than X/2 in order to 
prevent a horizontally polarized field component. In this ciisc the lens is of uniform 
thickness, and focusing is obtained by varying the plate spacing along the aperture 
The minor-lobe level and input VSWU of this type of lens can frequently bo improved 
by placing absorbing material along the sides of the horn to absorb the reflected energy 
scattered bimk from the surfaces of the lens. ^ 

14.9. ADDITIONAL LENS MEDIA HAVING n<l 

In addition to tho metal-plate waveguide medium two other types of lens media 
having n < 1 have received attention. Their performance resembles that of the 
metal-plate waveguide medium in that they are highly dispersive and possess a high- 
pass (or bandpass) filter characf eristic. Also, they are completely metallic. 
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Ki<i, 14-41. Tho motal-rod nicMliuin 

One of thoHo media is tlie nadal-rod Htnicture of Fin. l.|..ll, which has boon analyzed 
in detail by J. Hrown.* '‘I'h<» i)(*rfornuine« of this nuuliuin may be understood most 
simply by conHtd<>ring it t.o b<^ a ^(un^ralization of tlm nu^tal-plate wav(^guUlo medium. 
Thus if the HpiKtinj^ d is inad<‘ gnuiter than X/2 and a is made V(‘.ry small compared 
with df the horizontal rows of ro<l,s will behave lik(» nud.al plates and the spaces between 
those rows will Ixdiave like wav<^guide chaniuds.*^ Hrown has shown that wave 
propiif^ation wif.h n < 1 is still obtained when tlu^ Hpaeitijii; a in made an appreciable 
part of a wavchuigth, wliihi at th<i sanu^ tinu* the Hpatunpj d may be decreased to loss 
than a half wavehmgtli, thus eliminatinjj; tlie possibility of dilTracted waves duo to 
grating In addition, if a » d, tlw^ ind<!x of rctfraetion will be virtually inde¬ 

pendent of dir(«!tion in tlu» i)lane perpendicular to the rodH. This may or may not be 
an advantage, deptuiding upon whether nonconntrained or constrained refraction is 
desired in that plane. A family of theoretical ourveH of ntfraetive index as a function 
of rod raclius, spacing, and wav(d(nigth is given in Fig. M-12 for the caso of a - d. 
LiXaminatiori of th<^ figurti sliows that practical rod tliameterH may be obtained at 
wavelengths of about 10 <trn or gn'ater. Tims this metluxl of construction is applicable 
in the range wh<*re vory larger lenses are newled and wliere the lightweight metal-rod 
construedion is particidarly advantageous. However, at this date only small experi¬ 
mental lens(»H of I his type* are known to have been imule. 
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Another lens medium having » < 1 is an array of thin metal sheets perpendicular 
to the direction of propagation, with each sheet perforated by an array of apertures. 
The spacing and diameter of the apertures and the spacing of the sheets are designed so 
that free propagation of the electromagnetic wave occurs. It is most convenient to 
use a constant-thickness lens and to obtam focusing by varying the refractive index 
as a function of radius. Extensive theoretical and experimental data have been 



presented on this lens medium by Slmon>'» and Broussaud,” and the reader should 
refer to their papers for details. 

14.10. VARIABLE-REFRACTIVE-INDEX LENS DESIGNS 

The ease of varying the refractive index in artificial delay media and in mixtures of 
natural dielectrics makes possible the design of lenses having properties unattainable 
with uniform media. A good discussion of this subject is given in the monograph by 
J. Brown.’ Several examples of variable refractive index in metal-plate waveguide 
media are mentioned in Sec. 14.8. The Luneberg lens” is another design that has 
found many recent applications. 

In its basic form, the Luneberg lens is a dielectric sphere in free space whose index 
of refraction is varied radially according to the following formula: 

«(»•) = [ 2 (14-43) 

where n(r) is refractive index at radius r, and R is the outer radius of the sphere. 
Rays emanating from a point source situated on the surface of the sphere are focused 
into a bundle of parallel rays emerging from the opposite side of the sphere. Lenses 
of this type have been constructed of foamed dielectric containing many small glass 
spheres whose spacings were varied to yield the desired refraotive-index relationship. 
Ihoy have also been made of spherical shells of gradod-dieloctrio constant fitted one 
within the other to form the complete lens. 

The Luneberg principle has been incorporated into two-dimensional lens designs. 
Various types of refracting media have been used, such as parallel metal plates 
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propagating the TKM mode with a graded-dioloctrif Hlalr x i 

ing a TB. waveguide mode with a radLil variatiol in nlate*^^ 
nonplanar plates propagating the TEM mode, with focu^ ng p^Sd ShfmShlf 
nonumform geodesic patli length. In addition manv + P«>viaea through the 

to the Luneborg design have been introduced,’ some of which^^o” adtnT *^*^1®'* 
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16.1, BASIC SCANNING PRINCIPLES 

“ this chapter does not include all scanning antennas, but is 
“‘‘P'^hle of producing a scanning beam without motion of 
SrfnS focusing objective or the external portion of the radiating structure. It 

sca^i =^°*»tion or the conical 

elsewhwe.! ^ ^ 'ctation. These scanner types have been adequately treated 

dia^*‘Lrtl*!r f ^ ^ been made to 

wTthTo^I^ Z. rf I, ‘Attempt has not met 

"^hich have been described are 
^lU classified and so cannot serve as subject matter for this book. Howove7 the 

d^“r «»'‘«dered represent all but a very small percentage of the known 

locusmg objective and a pomt-source feed. The objective can be a paraboloidal 


LINE 

SOURCE 


source. 

otJefSce" ^Pf“oc f^e and a plane surface for the 

wave^Ld^^id I P““* °hjective, a plane 

point 8ou^^rm7^“^ propagates along the direction of the system axis. When the 

some ancle to th **i®’ ^he plane wave propagates in a direction at 

TeZ SZhv tZ“; ‘ “ “ “®^od, the antenna 

betm formed by the plane wave is scanned through space. 

no er entirely different method of scanning is indicated in Kg. 16-2 Here the 

nrsZZrh d “ P*^^® “froduces a wave into a phasing mecS- 

ZZT t a umform phase variation so that the final wave is tilted with 

3urZ w— ^rectwn. A change in the phasing mechanism can be used to 
produce a variation m the tilt of the emerging beam. Scanning can then be achieved 
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with a fixcd hno TOurco and an clement capable of varying the phase uniformly along 
the length of the line source. ^ * 

Limitations of Severs. If the scanning system were as simple os that indicated 
above, there would be no scanning prolileins and no need for inclusion of this chapter 
in the Handbook. Actually, none of the components described is perfect so the 
scanning problem has become that of perfecting the bimic elements. The limitations 
on these olcmcnts are: first, the focusing objective is satisfactory for only a limited set 
of feed-horn positions; second, the feetl source used with the focusing objective can¬ 
not dways be rapidly moved from place to place so as to produce the desired scanning- 
final y, the phasing mwihanism uscrl with a line source possesses mechanical or elec- 
tncal problems which limit its utility. Since methods of avoiding these limitations 
form the basis of the various scanning designs, the investigations have fallen into 
three corresponding classes. These involve work directed toward obtaining (iH 
wide-angle focusing objective, (2) a motion of the fcc<l source, and (3) a phase variation 
along a line source, llie grmitest amount of work has been done on the wide-angle 
objectiv<«: these fonii the bulk of the available material, an<l so they will be discussed 
X ^ fif+i ^ following sections. The feed-motion Hystems will bo the subject of 

the fifth section, and the line-source scanners will bo. considered in the last section. 

16.2. SYMMETRICAL SCANNING SYSTEMS 

The systems listwl under this heading have the property that a simple analysis 
indicates a constant radiation pattern over the angle of scan. This property follows 
from the fiu-t that all coinponents in the system are formed from surfaces of revolution 
having the same axis of rotation. In such a system, the relative orientation of the 
final rays are unchanged as the feeil source is moved on an arc of a circle with center 
on the axiH of revolution. It ih hoiuc- 
times said that this Hystcun lias no pre¬ 
ferred mi(‘rowavo-opti<?al axis, tliat in, no 
one direction in whi<di tlio radiation bikini 
characteristicH are supi^rior to all other 
directions. 

Luneberg Lens. The Ix'st -known syin- 
mctrical seanning system is a lens de¬ 
scribed by bumd)t»rg* and invt^stigated 
further by Eaton* and <)|.lu*r.s. In its 
complete form, th<^ bms i.s a sphon* with 
the property that <uu*rgy from a fee<l 
source at any point on (,li<» spluTiral sur¬ 
face which IS propaKutixI through the Hidiere is fomised into parallel rays ornorginff 

rom the otlu^r mlo of the spln^re. Perfetd focusing is obtained for all food positions 
on the Hurfacui. 

This lens IS formed as a nonhomogerw'ouH moiUum in which the index of refraction 
n vanes with huis radius r aiteording to tlu^ expr<*ssioii a* » 2 - r* for a unit radius 
sphere. A c.entral ero.sH six-l.ion of th<* sphere is shown in 1%. 1,M, together with 
typical ray paths thnmgh jlii‘ h*ns. T\w ray puih.s ar<^ sections of ollipses which are 
given in polar coordinnti^s hy the expn^ssion ?•» == Hin»«/[l - cos « cos (2^ - a)) 
whore « is tlu^ feiul angles d<*(ining a particular ray. Heeause the lens in a symmetrical 
c(irtain r(‘lationsbips be(.w(*(‘n arigh^s in thi* sysbun are evident from Kig. IM. 
the most important is tlu* (‘(luiangular relationship between the following: the angle 
ormc< )(?tween ray and the radius vwdor at the point wIhto the ray loaves the Ions; 
the polar angle didimxl hy the radius vector to the point at which the ray leaves the 
lens; ami tlu* h.o.d angle, tlie angle nuuisured at the source point between the 
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central ray and the general ray. Another point of interest is the fact that the radius 
vector normal to the ray path bisects the ray path within the lens. Further geometri¬ 
cal information obtained from Fig. 15-3 shows that the path length of a ray within 
the lens can be obtained as a function of the feed angle. For maximum feed angle of 
90®, the ray travels along the lens periphery for a distance of t/ 2. Other path lengths 
within the lens can be determined from the fact that this optical path length equals 
7r/2 -f cos a. From the path-length variation, it is possible to give an expression for 
the variation in phase across the semicircular output arc of the lens cross section as 
1 — cos oj, where a is the polar angle. 

Another significant property of the Luneberg lens is the fact that the rays emerging 
from the feed horn do not appear in a uniform manner across the aperture, but 
instead tend to spread out in the center and approach a theoretically infinite con¬ 
centration at the edges. Because of this fact, the analytical aperture illumination is 
obtained from the original feed pattern multiplied by the factor sec a. 

Two-dimensional Ltmeberg Lens. Many interesting variations of the Luneberg 
lens have been analyzed. The simplest to consider is one 



Fig. 16-4. Luneberg lens 
with linear aperture. 


in which only a plane section of the lens is utilized.The 
ray paths through this section are, of course, identical 
with those of Fig. 15-3. However, the emerging wave¬ 
front is not a plane but is a saddle-shaped surface. This 
surface is the envelope of the Huygens wavelets, with cen¬ 
ters on the semicircular aperture. In rectangular coordi¬ 
nates, this surface is given by the parametric expression 

x = ^ 

«=[(!- «>)» - (|8 - a )‘ - (1 - |8 - 


Because of this distorted wavefront, certain limitations exist in the radiation pattern- 
This pattern has been carefully analyzed in Ref. 4, where it is shown that a side-lobe 
level of 17 to 18 db exists for all normal feed-horn illuminations. This problem can be 
circumvented by introducing a linear aperture, as shown in Fig. 15-4. A cylindrical 
wavefront is produced by this system, so the pattern expected is similar to that 
obtained from an ordinary line source. It should be pointed out that the introduction 
of the linear aperture destroys the symmetry of the lens and so limits the system to 
narrower angles of scan. Experimental 
models using the linear aperture have been 
shown to have side lobes of 25 db.® It 
should be remembered that experimental 
data depend on many different design 
parameters, so that no direct comparison 
can bo made. 

Virtual-source Luneberg Lens. An¬ 
other variation of the Luneberg lens 
involves the addition of plane metallic 
reflectors passing through the center of 
the lens.® The addition of such reflectors 
produces virtual sources whose positions virtual-source Lune- 

depend on the orientation of the real feed 



source and the metallic reflector. Figure 15-5 shows a lens cross section with a single 
reflector in place. From a consideration of the ray paths, it is evident that a perfect 
virtual image of the real source is formed. It should be noted from the figure that 
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not all the energy froin the real aouree which pjiaacH through the lens strikes the 
reflector. Therefore this antenna will produce two focused beams, one from the real 
source and one from the virtual source. 

It is possible to add more piano roflwtom and create a complexity of virtual sources. 
The analysis of tho prohloni of multiple reflectors is too detailed to bo included in 
this Handbook, but can bo obtained in Uef. 0. Experimental information on a virtual- 
source Luneberi? is given in Fig. 15-6. This lens was a two-dimensional model with a 
single plane reflector. The curves indicate that tho lens is usable over a scan angle 
of 120°. 



Fro. 15-(i. Exi)<*rinicntal and calculated data for virtual-source Lunoborg lens. 

Small-feed-circle Luneberg Lens, Another variation of tlus splu^rical Luneborg 
lens has produced a »ynUm with smaller radius of the fe(ul circle and with limited 
angle of scan. It is int<^r<^sting to see that the re(iuiremeiit for a smaller feed circle 
and i)erfect focusing dexis not produce a unuiue expression for tho variation in tho 
index of refraction; at pniscuit, three general expnwsions are available. 

The first expn^ssion was obtained by Eaton in Ucjf. 3. Ho considered a sphere of 
unit radius, with n^fraedive index ecjual to unity on the surface and witli a ft^ed position 
at any distances, l(\ss than or (Mpuil to unity, from the (xmter of the sphere. If the 
radius of th<‘ fe<Ml cure.h^ is (huioted by a, then the variation in index is given by tho 
following expression: 

a 2« — r* j. r. ^ ^ 

a* — — 

7^2 Bs for a < r 1 

From the cxi)reHsion it <uin be seen that if the fe(Ml-(iir(!le radius is onc-half the radius 
of the sphere, the index at the center is 2, tho Index at the feed circle is 1.7, and at the 
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edge of the lens the index is unity. The variation in index can be shown to be con¬ 
tinuous with discontinuous slope at the point a. 

The second expression for a small-feed-circle Luneberg lens was derived by J. Brown. ^ 
He indicated that the problem could be attacked by assuming a certain variation in 
index between the feed circle and the outer surface and then computing the variation 
■within the feed circle which would yield the desired focusing properties. He con¬ 
sidered the problem of bringing all rays incident upon the lens surface into the feed 
point and displayed two solutions to this problem. The first solution involves 
choosing a refractive index which is constant in the outer region. In terms of the 
variables used above, the refractive index was chosen as 1/a. With this constant 
value of refractive index, the index variation in the inner region was found by a 
numerical-integration process. For a feed-circle radius of one-half the lens radius, 
the results showed that the index had a maximum value of 2.34 at the lens center 
and decreased monotonically to the value 2 at the feed circle. The index in the outer 
region had the constant value of 2. The variation in index is then continuous, but 
the slope of the variation is discontinuous at the feed circle. 

Since there is an abrupt discontinuity in the index of refraction at the lens surface, 
a ray passing from the region in which the index is 2 into free space where the index 
is 1 suffers reflection and refraction. In order to avoid this problem. Brown con¬ 
sidered a lens with index of unity at the surface. He showed that it was impossible 
under this condition to select a constant index in the outer region. Ho found one 
permissible index variation to be 

=» 1 -f 7(1 — r)(r — a) 

where 7 is a positive constant. Using this value of index of refraction for the outer 
region, it was possible to evaluate the index in the inner region from the following 
expression: 

4an^ » (1 -h P) +a) + [4P« + 7(1 - 

(P + 

where P* »« 1 — r* 7 i*. 

Brown selected a value of 7 equal to 4/a, since such a value minimized the refrac¬ 
tive index required at the lens center. The refractive index varied continuously from 
2.2 at the center to 2.0 at the feed circle, and thence to unity at the surface. The slope 
of the refractive index vs. radius curve was discontinuous at the feed circle. 

A third small-feed-circle Luneberg was obtained by Gutman.® Ho selected an 
index variation given by the expression n® « (1 -j- a* - r®)/a*, and then showed that 
wi'th the feed at a distance a from the lens center, the outgoing rays would be parallel. 
It is obvious from this expression that the index and its slope are continuous functions 
of the radius. For a feed-circle radius equal to one-half the lens radius, the index varies 
from 2.24 at the lens center to 2 at the feed-circle radius and to unity at the surface. 

It is evident, then, that many expressions are available for the design of a small- 
feed-circle Luneberg. A comparison of the various designs can be made for feed-circle 
radius one-half the lens radius on the basis of the maximum refractive index required 
and the maximum effective aperture obtained. This is done in Table 15-1, where it 
can be seen that Eaton’s design provides a minimum in the required index but Brown’s 
design provides a maximum effective aperture with only a small increase in refractive 
index. 

Geodesic Analogue of Luneberg Lens. Another variation of the Luneberg lens is 
obtained using the relationship between geodesics on a surface and ray propagation in 
a plane, variable-index medium. The relationship can be understood by considering 
Fig.^ 16-7, which shows geodesics on a surface and the corresponding rays in a plane. 
A given element of geodesic-arc length on the surface corresponds to an element of 
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Maximum rofractivo index 

Effective aperture, % 

Eaton. 

2.0 

80.0 

100 

100 

Brown. 

Gutman. 

2.2 

2.24 


optical-path length in the plane. Since the required index variation in the plane is 
known, it is possible, by relating arc-longtii elements, to determine the required surface 
contammg tire geodesics.' It can be shown that tliis surface is a surface of revolution 
whose generating curve is given in rectangular coordinates by the expression 

Z -1 In vT+7= + vl+l;) 


where Z = coordinate along axis of revolution 

= 1 - y<* 

- A’» -(- 

A major i)rol>lom arisoH in constructing the geodesic analogue of tho Luneberg Ions. 
From a considoratiou of Fig. 15-7, it can Ixi He(«i that tho rays Icavo tho dome-shaped 


Z 



A 


ro. 15-7. Kays on a surface and in tho correypondinf; variable-index region. 

surfaces along a eylindrical surfaw^ and am not focused in a plane as required in tho 
original lens. In order to corrc<!t for this fact, that tho analogue surface luw vortical 
tangciiits at its periphery, a toroidal Ixuid is introdu( 5 od. This bond produces some 
defocusing of tho family of rays. 

In. order to avoid tho <lcfocusing introduced by tho toroidal bond, Warron^ dovcl- 
opod an analogue of tho LuiK'berg lens whoso surface had horiisontal tangents at the 
periphery. Tlic surfacjo is o))tain(Ml by a m<ahod of apimixiination, wliich amounts to 
a construe,tion as a seruis of <«)ni(uil soe-tions, the slope of each cone being chosen to 
focus tho ray at a i)arti<‘.ular f(‘e<l angle. Warren dovolope<l another analogue in 
which a toroidal bend was ininxluced in the feed region so that the food horn could 
bo mounUnl and rot.nt<*<l under tli<i dome of the lens. 

An extension of l.h<^ tcx^bniqiu^s (unployiiig iinrallel surfaces to achieve kms elTocts 
c'fj I deserihod in an articles by Kunz.'**- A great amount of work in the same 
field him Ixion (iurried out umh^r the direction of (i. Torahlo di Francia in Italy. This 
material has Ixmui publislxxl in reports from tlu‘ University of Florence and in Itefs. 
115 and 1 Ic. Tbi‘ general hms type lias Ixxm named by Torahlo connection lenses’" 
to symbolize? the fact that tlx? ray is bent with tlx? surfaee. 

Anoth<?r variation of tlx? Ijuix‘l)i»rg leim has Ix^en proposeel by Herkowitss in unpub¬ 
lished material. Ih? HUgg<‘Ht.s a combination of the tvvo-dinx?nsionaI laineberg lens 
and a 8mall-f(?(?<l-(?ir<?le lens. In this unit, the lens would lx? constructed with the 
required index variation in tho outer region. This variation e.ould bo that given by 
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the design of Eaton, Brown, or Gutman. He proposes a replacement of the inner 
region by a circular waveguide array whose elements are phased so as to yield the 
phase front originally produced by an index variation in the inner region. 

Methods of Constructing Ltmeberg Lenses. Many different methods have been 
proposed for constructing the Luneberg lens. A straightforward approach would 
involve an approximation to the sphere by a center sphere and several spherical 
shells. The center would have a dielectric constant of about 2, while the shells 
would have decreasing values of dielectric constant with increasing radius. Through 
use of a sufficient number of dielectric constants, a sufficiently close approximation 
to the required lens can be obtained. 

Another method of obtaining the Luneberg sphere consists of the use of artificial 
dielectrics. In its most practical form, the elements forming the dielectric would be 
spheres. These could be either high-dielectric spheres in a low-dielectric base^® or 
spherical voids (dielectric constant of unity) in a high-dielectric base.^^ It has been 

shown that the dielectric constant for either type of medium is dependent upon the 

fractional volume occupied by the obstacles. 

The expressions for the dielectric constant -fiT as a function of fractional volume arc 
given below for the two cases considered: 

Spherical voids: K = — C 

Dielectric spheres: K *= C 

where F fractional volume 

and iiCj «= lower-dielectric constant and higher-dielectric constant, respectively 
The spherical obstacles of the artificial dielectric could be replaced with cylinders 
without introducing major errors in the final lens; however, most other methods of 
constructing the spherical Luneberg lens with non-spherical obstacles suffer from lack 
of isotropy. Thin metallic cylinders parallel to a given axis in the Luneberg sphere 
could be used if the feed source were maintained in the equatorial plane of the sphere. 
Other artificial dielectrics would require similar restrictions on the food source in 
order to maintain satisfactory pattern characteristics. 

If a two-dimensional model of the lens is considered, all the previous methods of 
construction are applicable and, in addition, the geodesic analogue in parallel plates 
can be used. Another construction method involves obtaining the required refrac¬ 
tive index by using the concept that the phase velocity of a wave can be varied by 
varying the spacing between parallel plates.^*'® If the electric-field vector is parallel 
to the plates, the required refractive index is obtained by varying plate spacing a, 
according to the following formula; 


2 V A% - 2 + r® 

whore Kt « dielectric constant for medium between parallel plates 
r = radial coordinate, 0 < r < 1 

Thin metallic cylinders can be used between parallel plates to i)r()duce the vari¬ 
ation in refractive index required in the Luneberg lens. If the pins are mounted 
l)ot\vocn the plates so that they are perpendicular to but do not contact either plate, 
the desired variation can be obtained by varying the length and spacing of the pins. 

Surface-of-revolution Scanner. Scanners in this category are constructed from a 
parallel-plate region. They are analyzed by considering that the wave traveling 
hot ween tlio parallel plates can be confined to a surface midway between the plates. 
This ‘‘moan” surface can then bo considered from a geometrical standpoint and the 
ray paths taken as geodesics. 


- 1 
2Ai-[-l 
Ai - A2 
2Ai -f- Aa 
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The scaiuior coiisidorod hero is a parallol-plato region whoso moan surface is a 
surface of revolution. Tliis surface is iuteudecl to satisfy the following conditions • 

1 . Contains a circle (the feed circle). 

2. Contains a straight-line segiuont (tlie aperture). 

3. All g(‘odesics joining a fixed point of the feed cinde to points of tho aperture 
meet the aperture at eonstaiit angle (optical requirement). 

4. All geodesies normal to tho feed circle pass through a fixed point (the center of 
illumiliatioii) of the aperture (illumiiuition roquironiciit). 

At the present time, no such surface has been found. If rcciuiremcnt 4 is eliminated 
a solution is possible which is known as tho 7i-and-2/e scanner. Tho action of this 
scanner can be understood by consider¬ 
ing tlie mean surface laid out in Kig. 15-8. 

Hero the source is placed on the feed 
circle of radius li, Eiuirgy passes across 
this mean surface to the opi)ositc sid<i of 
the circle, where it enctounters the output 
region with boundaries which include a 
circle of radius 2 /^ and the linear aperture. 

From simple gcoinotry, the path length 
of a ray in the initial region is given by 
272 cos Cl, where ot is tho feed angle. The 
ray path in the output region is given by 
2/2(1 - cos Of), so it is evident that all 


Rcoso 



2R{l-cosa) 


—►GENERAL 
RAY 


Fio. 16-R. Geometry of general ray in 
/2-and-2/2 scanner. 


path lengths from the source to the aperture are equal. For another position 
on the feed circle, because of the symmetry in tlic final structure, all rays 
moot tho aperture at a constant angle so that porfec^t focusing is available. 
This could be proved in a straightforward manner for tho developed surfaces. For 
feed positions other than that of Fig, 15-8, the central ray does not pass through tho 
center of the aperture, so that tho utility of tho scanner is limited. As tho feed horn 
scans, the maximum intennity appears at various positions in the aperture, and during 
the greater part of the sc.an, the energy lies at cither end of the aperture. 

A lens of the type described above was construct(id by introducing an imaging reflec¬ 
tor in the initial paralkd-plate region and rolling this region into a cone with the feed 
arc formed into a comph^te circle on the base of the cono. Tho on-cont<T radiation 
pattern liad a bt^amwidth of 0 . 0 ® and a side-lo]>e level of 1(5 db. 

The majority of tlie other surface-of-rovolution scanners arc an outgrowth of tho 
work of Myers. The surface considered lias been either a cono or a cylinder. Since 
both of these an^ devedopabh^ surfaces, it is possible to analyze tlie ray paths with sim¬ 
ple geometry. The g(*iu^ral probhun is iiidicaiod in Fig. 15-0, which shows a developed 
cone having a sccdoral angle <l<\signated as From a considenition of arc lengths 
on the cone and on the (urcular top and bottom planes, one luuj that 


and, therefore, 


2^72a * iirra 20/ii « 2irri 

li h 

lit “ /2i 


Further investigation of th<i arc lengths along tlie discontinuities in the conical surface 
shows that 72 101 = ri^^i and 72202 =* It can, therefore, bo seen that 02 /v ?2 = 
Because geodosics on the surface form equal angles with the normal to a surface dis¬ 
continuity, one can write that a « 7 and /3 =» ^ 2 . 

For a cone in which ri and ra are nearly equal, a « jS and some considcTation can bo 
given to the maximum distance h at which a ray can bo normal to the aperture. It 
can be shown that b « ra sin «. Since r 2 is a constant, the maximum value of h occurs 
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by large sin a or large values of the feed-circle radius a. If a is set at its maximum 
value of ri, a simple lens design can be evolved: For a length L of the cone, if a ray 
crossing the aperture at h is in phase with the central ray, then the length L must be 
r 2 cos 932 . This design is exact only when the disk radii ri and r 2 are equal, i.e., when 
the cone becomes a cylinder. It should be noted that the ray tracing was limited to a 
single point on the aperture. The phase of the field between this point and the center 
will vary with maximum deviation for large values of 6. 

Rotman^® has investigated several experimental models of the cylindrical scanners 
indicated in Fig. 16-10. The half-cylinder unit shown on the left possesses the general 
characteristics required in the surface-of-revolution scanner. The model on the right 
represents an improvement in symmetry obtained by eliminating the requirement for 
a linear aperture and permitting the energy to radiate from the circular aperture. 



Fig. 16-9. Geometry of the conical surface-of-rovolution scanner. 



SEMI-CIRCULAR PILLBOX CROSS-SECTION OF CIRCULAR- 

CYLINDER PILLBOX 

Fig. 16-10, Cylindrical surface-of-rovolution scanner. 


Both types of scanners have been designed to provide beamwidths less than 30 per cent 
broader than could be obtained from an aperture of length equal to the scanner 
diameter. 

Concentric-lens Scaimer. The concentric-lens scanner is related to the scanners 
described immediately above. It is made up of a cylinder, or one-half cylinder, 
whose height is very small compared with its diameter. This scanner contains a lens 
whose surfaces are concentric with the cylinder surface; this lens can be mounted in 
either the upper or lower pillbox region. 

Rotman studied concentric-lens systems in which the lens was mounted in the lower 
(food-hom) region, as shown in Fig. 15-11. Kales and Chait studied a scanner in 
which the lens was mounted in the upper (output) region. They found that if the 
radius of the cylinder was R and the lens radii wore Ri and 122 , then a useful lens is 
obtained using the relation 1/R — \/Ri — 1/122. 

Another typo of concentric-lens system is obtained by using a section of a sphere as 
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a reflector and employing a lens which is a spherical shell. The lens design could be 
obtained from the formula of the last paragraph, where the radii arc related to spheri¬ 
cal surfaces rather than cylindrical surfaces. More detailed analysis of a lens of this 
type can be obtained from Itef. 19. In general, the 
concentric-lens type of scanner has not proved 
satisfactory. 

Corrected-feed Systems. One possibility for ob¬ 
taining parallel rays in a symmetrical system involves 
choosing symmetrical focusing elements and then 
adapting the feed system to produce something other 
than a spherical wave. This technique, in which the LENS 
point-source feed is replaced by a more complex feed, 
is called a corrected-feed scanner. In its simplest 

form, a spherical reflector is used with a feed system _ 

consisting of three waveguides,^ as shown in Pig. IJ-^FEED 

15-12. This feed system is arranged so that the rein- - ,. ,, HORN 

tive amplitude and phase of the energy in the outside foa“’ 
waveguides can be varied with respect to that in the 

center waveguide to produce good radiation patterns in the plane of the three wave¬ 
guides. In order to obtain good pattenis in any plane, a more complex feed struc¬ 
ture must be introduced. An experimental investigation showed that it was difficult 
te reduce the lobes in more than one plane; successful results were obtained when the 

feed was used with a pillbox which had a circular reflector. Once satisfactory patterns 
have been obtained, it is possible to move the feed structure on an arc with center at 
the center of the sphere and obtain a relatively constant pattern over the angle of scan 

Other feed-correction systems have been used in parallel-plate regions. One of 
these employed a feed system similar to 

that used with the sphere. Another one y GENERAL RAY 

obtained correction by use of a lens . cvere.. 

mounted between the feed and the cir- x ststem 




X 





•TOROIDAL 

REFLECTOR 


CORRECTING 
LENS 

Pto. 16-lfl, Rotating food H.vHtfun using cor¬ 
recting lorifK's in a parall(d-i)lnt(^ HyHt(un. 


Fig. 15-12. Thrcc-wavcguido coupling ayH- 
tem for feed correction. 

cular-pillbox rofloctor. lliis l<ms wuh arranged to rotate with tbo feed ho as to provide 
a corrected aourco. Pigurc 15-L3 ahowa the dc^tnila of tliia ayatom, whicli ia doacribed 
in llof. 16. 


16.3. OPTICAL ANALOGUES 

This section (hulls with Hcanners which have a micTOwave-opticuil axis. In an effort 
to preserve radiation characiteristicis as the beam ia acaimod away from this axis, those 
systems are di^aigmul to satisfy a certain opthjal condition cre(lit(‘d to Abbe. The 
Abbe sine condition has tluj interpretation that, in a plaiu) (‘.roaa section of the optical 
systoni, the corrc'sponding initial and final rays, when (^.xtemded, intersect on a circle 
of radius (upial to the focal length of the syatom. In 0])ticH, it is shown that systems 
satisfying this condition have no *‘coma'^ for sour<;o positions near the focus. As 
applied to scanners, it is interpreted to mc^an that for small displacements of the feed 
from the axis, there are no odd-order phase errors present in the radiated beam. Since 
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these phase errors are the primary cause of pattern deterioration at off-axis positions, 
there is some merit in the use of this condition. 

Schmidt Lens. This system consists of a spherical reflector, together with a 
nearly plane correcting lens which passes through the center of the sphere. A deriva¬ 
tion of the design of this system is contained in Ref. 20. The result is that the lens 
cross section in Fig. 15-14 can be defined in parametric form by the following expression: 

2 cos d — f cos 26 — c cos ^ 

^ ” A 

_ (2 sin 0 — / sin 20) (1 — n cos xf/) — c sin ^ -H n sin \l/(2 cos 0 — / cos 20) 

^ “ A 

where A = 1 — n cos ^ 

yp ^ 6 — tp 

sin <p (f sin 0)/p 

P * (1 +/* - 2/cos0)^ 

c = 2 -/ 

The same reference describes an improvement over the original design in which the 
outer edges of the lens are modified to provide correction at a feed position other than 
the axial position. This position is given by a point on an arc of radius / with center 
at the origin; the point is at an angular position jS from the axis. The coordinates for 
the edges of the lens are obtained from the expression 

a; « w cos j3 - » sin /3 j/ = w sin /3 -|- t/ cos jS 

where u = [2 cos 0 - /cos 20 - c cos ^ + n sin a [/ sin (0 + ^) - 2 sin <p] [/A 

0 =>= {2 sin 0 — / sin 20 — c sin ^ + n cos a [/ sin (0 -f y) — 2 sin <fi ]} /A 

Here A =» 1 — n cos -h «) ^ = 0 — ^ sin <p =» 

p 

P * (1 H- — 2/ cos 0)^ c = 2 - / a = 0 - i 
where n sin i = sin 0 

Several cxpcriniontal models of the Schmidt system have been built in parallel- 
plate media. Some of these have involved a single layer of parallel plates with a cir¬ 
cular reflector, while others employ a double 
layer and a toroidal-bend reflector. Excellent 
scanning performance has been obtained on all 
models which utilized a dielectric lens. Metal- 
plate lenses have been less satisfactory. 

The Mangin Mirror. The Mangin mirror 
consists of a spherical reflector with correcting 
lens in contact with the reflector. The outer 
lens surface is spherical with a radius and center 
different from that of the reflector. This sys¬ 
tem, when used in the field of optics, was found 
to have little coma; for this reason, it was 
thought that it might provide focusing not 
for feed positions off axis. 

The design of the element is based on a feed position along the system axis. By 
proper choice of feed position, as well as the radii and centers of the spherical surface, 
it is possible to obtain a design which yields a focused beam. The design is, of course, 
not unique; a different combination of the available parameters will also yield a sys¬ 
tem with the desired focusing properties. 

None of the antenna designs is concerned with feed positions off axis, so in order to 
evaluate the Mangin mirror as a scanner, it is necessary to perform detailed ray tracing 



Fig. 15-14. Geometry of Schmidt lens, 
only for a feed on the axis but also 
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for off-axis positions or to build and test a niunbor of experimental models The 
models construeted to ,lato have bee.n in the form of complete spherical surfaces or S 
Motions of these surfaces mounted m a double-layer parallel-plate region. None of 
the designs studied to date has yielded off-axis patterns which are superior to those 
obtained from the simple paraboloid.” 

Berti System. An optical analogue simUar to that of the Mangin mirror involves 
a correcting lens in contact with the refleetor, arranged so that the incident rays pass 
through a lens surfMo of different radius from that of the reflected rays. Such a svs- 
tem can be conveniently constructed in a double-layer parallel-plate region, since ihe 
lens stmeture in one layer has a different radius from that in the other la^cr It k 
evident that additional parameters over and above those of the Mangin mirror are 
available in this instance. However, the availability of the parameters does not 
ensure bettor scanning properties untfl they are used in a design adapted to an off- 
axis feed position. 

Schwarzschild System." This system employs multiple mirrors rather t.hnn a 
oned"'bf “‘‘two-mirror device based on a general optical method devel¬ 

oped by Schwaraschild." Such a system, in optical terminology, has no spherical 
aberration or coma. The only experimental system using this principle was buDt in 
the form of triple-layer parallel-plate region.” The feed horn moved on a OO" arc of 
a circle m the first layer. Energy from the feed was reflected at the first toroidal-bend 
reflector, passed through the middle layer, was reflected from the second bend and 
loft the parallel plates through a linear aperture in the third layer. 

thJiqultilnr* roflwitor were calculated, respectively, from 


*1 = 0.5)/* - 0.03125//< - 0.22)/« 


and 


0.752/* - 5.<)()02r)//4 + 40.532/« 

where the coordinate x is parallel to the 
direction of the optical axis. Little ex¬ 
perimental data are available on this 
system. 

Zeiss-Cardioid. This system is sinular 
to the Schwarza<diil(l in that it einidoys 
two refleetors. The major diffcreiiee is 
that it iiH(^s simpki rellectiiiK surfaces and yields perfect foctising for the feed on the 
axis. 1 ho m irrors used arc a circle and a eardioid. The design of this system can be 

understood by considc^ring Fig. 16-15. If the position of the feed horn is taken as the 
origin, then the reflecting surfaces have the following equations: 



Reflector 1: 
Reflector 2: 


p = 1 H- cos d 

- M)* + '//* - 1 


An A-hand model of this reflcu'-tor system with an aperture of 30 in. had a half- 
powor heamwidth of 3.3“ using a wavehnigth of 3.2 cm. This antenna, investigated 
by W. Itotman at the Air Korcc Cambridge llcsearcli Center, proved capable of scan¬ 
ning through a total angle gnuiter than 15 bwimwidths with a loss in gain of less tlian 
1 db. 

Coma-corrected Reflector. One scaimor which satisfies the Abbe sine condition 
employs a refleetor which is adjusted so that the incident ray and reflected ray meet 
on a circle whose center is at the source position. One possibility for forming this 
reflector employs sections of parabolic cylinders in a parallel-plate region. These 
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cylinders are arranged so that the reflected bundle of rays from each cylin¬ 
der is one wavelength out of phase with adjacent bundles. All rays are parallel 
to the system axis, and by placing the parabolic cylinders along a circular arc with 
center at the source point, the Abbe sine condition is satisfied. The reflected wave- 
front from this system is a stepped surface with one wavelength difference between 
each step. The radiation pattern from such a wavefront is satisfactory over a narrow 
frequency band. For single frequency operation, the pattern deteriorates at positions 
of the feed away from the axis; it has not definitely been established that the off-axis 
performance is superior to a paraboloid. Another similar method of forming the 
coma-corrected reflector replaces the parallel-plate region and point source by para¬ 
bolic cylinders and a line source. 

A third method utilizes a reflector surface made up of square waveguides. The 
front face of the waveguides is tangent to a spherical surface with center at the feed 
point. The back of the waveguides is tangent to an ^ipsoidal surface. The equa¬ 
tion of the ellipse cross section is given by 


(2nx — 1)* 
(2n - 1)* 




1 


where n is the refractive index of the waveguide. 

Focusing is obtained from the waveguide coma-corrected reflector because of the 
fact that incident energy from the feed is carried through each of the waveguides, 
reflected from the ellipsoidal surface, and reradiated to form a plane wave. Since 
the incident ray and reflected ray in any plane lie on a circle with center at the feed 
point, the Abbe sine condition is satisfied. A parallel-plate version of this waveguide 
system was studied experimentally without discovering any desirable scanning 
features. 


16.4. LENSES WITH OPTICAL AXIS 

Many existing scanning systems use relatively simple lens structures as the focusing 
objective. The parameters considered to optimize the scanning properties have been 
the index of refraction and the shapes of the two lens surfaces. 

Two methods of determining the lens surfaces have been proposed for obtaining 
good scanning properties from a constant index-of-refraction lens. The first, which 
has general application, is based on the Abbe sine condition. The basis for this crite¬ 
rion was discussed in the section on optical analogues. The second, a much more use¬ 
ful method, is the two-point correction method; the lens is designed to focus incoming 
plane waves from two directions into two points, symmetrically located with respect 
to the optical axis. This method is most conveniently applied to the constrained type 
of lens employing waveguide construction. It has been applied to a dielectric-type 
lens, but no exact mathematical expression is available for the lens surfaces. 

The application of a vanable-index-of-refraction medium has been considered in the 
design of lenses with optical axis. This variation has been obtained by varying the 
plate spacing in a metal-plate lens, by varying waveguide loading in a constrained lens, 
by using a number of different dielectric materials to approximate the desired varia¬ 
tion, and by using a void-dielectric medium. 

Dielectric Lens. The simplest type of scanning lens is that which uses a constant 
index of refraction, a hyperboloid as the initial surface, and a plane as the secondary 
surface. The design of this lens is based on a feed at one focal point of the hyper¬ 
boloid. Kays from the feed are focused by the lens into a plane wave whose direction 
of propagation coincides with the lens axis. The lens cross section, shown in Fig. 
15-16, is a hyperbola whose eccentricity is equal to the index of refraction of the dielec¬ 
tric material. In the notation of the figure, the focal length of the system is / = c + a 
and the index is n = c/a. For a given focal length/and index n, one can solve for c 
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a<iid fl so that tlie hyperbola iu rectangular coordinates is 


®s - 2,1 (fti _ 1) 


P 

(« + !)• 


Since the lens is designed only for on-axis focusing, exceptional scanning qualities 
are not expected. One experimental lens investigated in the millimeter waveband 
scans a beam of 2° over a total angle of 20“, with side lobes always less than 20 db 
The gain of this lens was about 2.5 db loss than could be obtained from a paraboloid 



Fia. 15-16. Geometry of dicloetric lens. 
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Fio. 15 - 17 . Artificial-dielectric lens for scan¬ 
ning. 


of equal aperture. This loss in gain could bo traced to reflections at the lens surfaces 
and to high loss tangent for the Lucite dielectric in the millimeter waveband. 

In an effort to reduce the weight and the dielectric loss of the previous lens, a 
second lens was considered. This model employed wavelength stops (as described in 
Chap. 14) in the hyperboloid surface. Throe stops were used, so that the lens face 
was made up of throe sections, each of which was formed as a hyperboloid surface. 
The scanning properties were similar to those of the unstopped lens; however, a loss 
in gain of 3 db was reported. It is interesting to note that the use of stops, although 
reducing the amount of dielectric material, produced an increase in the antenna loss. 

Another type of dielectric lens employs 
an artificial-dielectric modium.*^ The 
lens construction can be understood from 
Pig. 15-17. Since the metallic obstacles 
employed were obtained from a inettil- 
spray process, a lightweight, compact 
construction was achieved at tlio expense 
of some loss in the conductors. A com¬ 
parison was made between this lens and 
a metal-plate lens of similar design. It 
was found that the gain was 2.8 db below 
that of the metal-plat<y lens but that 4 db 
of the over-all loss (compared with a 
paraboloid) could be attributed to the construction materials. With better construc¬ 
tion, the lens might have loss loss than a metal-plate lens; the scanning properties were 
slightly superior to those of the metal-plate lens. 

Another dielectric lens which has been used for scanning involves a symmetrical 
clcznont with identical initial and se(!on<lary surfaeuw. A feature of this lens is that 
two scanning feeds can bci used simultjiiuiouHly, one on cither side of the lens. The 
two })eainH (^an cov(^r secitors 180® apart in space. 

The design of this lens is based on the assumption that the lens (tan be closely approx¬ 
imated by a prism Ixttween tint points vfhow. a ray enters and leaves the surface. The 
coordiiiaUis of the lens surface can be found from the following expression, whore all 
the parameters are given in F’ig. 15-18: 



Pio. 15-18. Symimitricuil-dielectric lens. 


X 

V 


_[/.(.I l)](!^ a_8in CO — sin jS)_ 

{n — cos a) sin fi -f- (n sec a — sec ^) (2 cos* a sin eo — sin /3) 
if - x) tan <p 
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The three angles p, <p, and a are known in terms of the parameter i 

(j =.2« — cos~^ 

<p ^ (a — cos“^ (n cos ri) 


cos“ 


The surface is found by selecting values of the parameter «, computing the three 
angles, and substituting their values into the expressions for x and y. 

Because the lens deagn is based on focusing at an axial point, there is no reason to 
expect superior off-axis performance. One experimental model showed that the 12° 

the ^tion on optical ai^ogues, has been used in the design of a dielectric lens The 
greatMt amount of work usmg this condition was done by Pricdlander.” He found 
t^t he could closely approximate the circle of intersection between initial rays and 

leM ha^a nCelyt of using two curved surfaces, his 

t ^ r face for the final surface. 

With a rrfractive index of 1.6 and//i) = l, he found a deviation from the sine condi¬ 
tion of the order of of 1 per cent of the focal length. An experimental Ions of SOX 
aperture gave satisfactory patterns over a 20° total scan angle 
A careful study of didectric lenses has been made by the group under Professor 
Woonton at McGill Umversity. They have investigated the aberrations produced 
in scanmng and have shown that the effects of these aberrations in the prLnce of 
diffraction can be related to the theoretical optical work of Nijboor 
A lens^stem which gives promise of wide-angle focusing is one which uses two 
woTha^*'”®^!** obtain perfect focusing of waves from two different directions. Some 
work has been done on this type of lens m this country and in England. Because of the 
complexity of the problem, an exact solution of the three-dimensional lens has not 
been achiev^; however, there are several different methods for SermfnS £ 
requned surfaces in a two-dimensional-lens structure. The two most useful mothn/lB 

™ ^ ft, “2z 

Monal-Iens faces are algebraic curves and then determines the coollicionta of fho ni»o 
by sSftW ^ Th. p.SIS' 

ip compiit., UM, in which pointa on the two loos surfiicoa aro foZd by con- 
sidermg altwnately the two focal points. Some effort has boon made toward d^ien 
mg a three-dimendonal lens by using a twonlimeiisional design 

Metal plate Lenses. The simple metal-plate lens described in Chap 14 has been 

Zt sz* “d*”"-! taS 

or a angle position of the feed, wide-angle performance is obtained bv chooairiff a lonff 

V"*"”" ““ "i‘I'S. lotalZ'rfSZft 
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not only satisfied the Abbe sine condition but also, by proper choice of the waveguide 
medium, yielded a system which would operate over a broader band than that possible 
with the normal metal-plate lens. 

One of the earlier metal-plate scanning lenses was constructed between parallel 
plates with the general form shown in Fig. 1In this lens, the initial surface was 
curved and the index of refraction was varied in the y dimension. The design of the 
system then employed three basic variables: (1) the lens surface, (2) phase delay 
between input and output of a given lens channel, and (3) constraint of energy entering 
at a given point to leave at a desired point. 

The lens surface is given by the circle (x - H)* + y* = (H)* where the coordinates 
are shown in Fig. 16-19. The phase delay for a particular channel is found in terms of 
the delay in the centra l channel and the coordinate x. The required expression is 
Si - So = 1 - \/l - The final variable, the distance from the axis to a general 
emerging ray, is given by the expression ?/i = ^/i, 

Experimental results on this lens showed that it maintained a constant boamwidth 
of 2.2® over a scan angle of 40®; no information is available on the side-lobe level. In 
taking these datii, the feed horn was confined to a circle of unit radius. 


ly 



Fio. 15-19. L(mih using path-length correc- Fio. 16-20. Two-pomt-oorr(H*,ti<)ii Ions, 
tion. 


Metal-plate Lenses with Two-point Correction. A decided improvement in scan¬ 
ning has been achieved wluui the Abbe sine condition of optics is ignored and, instead, 
the lens is dosigiiod to provide perfect focusing at two points.**. Figure 16-20 indicatoH 
the geonuitry of su<di a (Uwigii in a two-dimensional lens. This design employs a 
constraiiUMl Urns of constant refractive index. The lens surfaces are chosen so that 
plane waves arriving from the directions +« and are exactly focused at the points 
0 and O', resixud.ively. Using the design gewme^try of the figure, it can be shown that 
the first Urns surface is an ellipse given i)y {r/a -1- 1)* -|- ?/* « 1. The second lens sur¬ 
face is obtained by ileterinining the Ions thickness at any point. An expression 
involving the lens thic.kmws as a function of tlu^ lens constants and the coordinate x is 
given as oj =» (a - a){d — da), where n is the refractive index and the other parame¬ 
ters are giv<in in tlu? figure. 

A seciond tAvo-<lirnensional lens utilized a variable index but a piano outer sur¬ 
face. In this (^ase, th<i inm^r surfa(!e was i<lontieal with that of the lens in the previous 
paragraph and the variation in the refractive index was given hy the expression 
(71 — ni))di) = rix — m\. 1^110 t<^^m 7n,\ has been introduc.ed into this expression, to 

obtain wavcihuigth sti'ps in tlui lens. This is necessary in order to minimize the range 
over whi(di th(^ rc^fractive ind<^x must vary. Since wavegui<le tec-lmiques are utilized, 
the refractive ind<‘x is limitiul U) vahuw between 0.6 and O.l). 

A three-diiiKuisional lens c.an be obtained which prodiici^s perfect focusing at two 
points. The inner lens surface is an ellipsoid, given by the expression 
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Here the symbols are those of Fig. 15-20, and the coordinate «is measured normal to the 
xy plane. Once the inner surface is Wnd, the outer surface is obtained from an 
expression involving the lens thickness: oa: = (n - a)(d - do). 

An important improvement in the performance of a constrained lens with two-point 
correction has been obtained by Peeler.^ His design utilized the basic lens, together 
with steps which were arranged to minimize the phase errors in the on-axis*' position. 
He thus had corrections at three points and an over-all reduction in phase errors at all 
scan positions. Computations on the final design showed phase errors of less than 
one-tenth wavelength over the aperture throughout the scanning of a W beam 
through 20®. 

Another use of the constrained lens involves a symmetrical structure having two 
axial focal points, one on either side of the lens. The two scanned beams cover sectors 
180® apart in space. Because constraining elements are used, Snell's law does not 
apply and the lens derivation is obtained without recourse to any assumptions. Each 
face of the lens has a cross section, given in polar coordinates by 

p — 2(1 — n)/[l — (2n — 1) cos 6] 

for a lens of unit focal length; the origins for the polar coordinates coincide with the 
feed positions on either side of the lens, which has an arbitrary thickness. 

Variable-index Lenses. One variable-index lens, the Luneberg lens, has already 
been considered in the section on symmetrical scanning systems. There are other 

lenses with optical axes and employing a 
variation in the refractive index. One of these 
is the modification of the Maxwell-Fish-Eye 
lens, in which the complete sphere is replaced 
by a hemisphere. The optical axis is the line 
perpendicular to the plane surface and passing 
through the center of the sphere. The lens 
is designed to give perfect focusing for a source 
at the point whore this axis touches the sphere 
surface; little is known of the off-axis perform¬ 
ance. The lens is designed througli use of the 
formula n = 2/(1 + r*), where r is the radial 
Fig. 16-21. Luneberg conatant-thiok- ®®®rdinate whose maximum value is unity, 
ness lens. A second variable-index lens is the con- 

. . ,. stant-thickness lens of Luneberg. A cross 

section of this lens, together with ray paths from a feed source, is given in Fig. 16-21. 
This system has an optical axis, namely, the x axis in the figure. The refractive index 
varies only with the y coordinate according to the expression n - no sech (yr/2T) 
where no is the index at y = 0 and T is the lens thickness. No information is available 
on the off-axis performance of this lens. 

A final variable-index lens is the Kelleher lens,®® with geometry similar to that of the 
(•.onstant-thicknoss Luneberg lens. In this lens, the feed horn is placed on the optical 
axis some distance from the lens surface. The lens design is based on a foc.using of 
rays from this feed horn. An assumption is made that the index variation lictwcon 
the point whore a ray enters and leaves the lens is square-law in nature. The lens 
equation is given by 

m / 2 2 sin* ;- 

7 --^ = V«« - sm> 9 [noT - (sec 9 - 1)] 

where T = lens thickness 
no = index at axis 

6 = angle between an arbitrary incident ray and axis 
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An analysis of the scanning performance of this lens indicates that although the lens is 
designed for a single axial point, it should be effective over a wide angle. Experimental 
data indicate that an 8° beam could be scanned over a total angle of 60®. 

16.6. SCANNING WITH REFLECTORS 

The simplest type of focusing objective is the reflector. This is a lightweight com¬ 
ponent, relatively easy to construct, and so has found wide application in the scanning 
field. The majority of the reflectors have been paraboloids; others of interest are a 
section of spherical surface, a torus, or a parabolic torus. These will be considered in 
turn in the discussion which follows. 

Paraboloidal Reflector. The paraboloidal reflector has been used as a scanner in 
many forms, of which the simplest is the symmetrical one with the vertex of the 
paraboloid at the center of the reflecting surface (circular aperture). Other reflectors 
were formed of sections of the paraboloid surface which did not include the vertex point 
or which included this point at some off-center position. The aperture of these reflec¬ 
tor types does not fit any simple plane curve, although they could be normally approxi¬ 
mated by an ellipse. Since there are so many different reflectors, it is impossible to 
describe the scanning performance of each. However, information is available on the 
circular-aperture reflector, and some idea of the scanning properties of the remaining 
reflectors can be obtained from this information. 

The parameters available in the circulai>aperture reflector are the aperture width, 
aperture illumination, and the focal length. An analysis of the pattern of the circular 
aperture with feed displaced from the focal point showed minimum variation of 
pattern shape with moderate changes of the aperture width in wavelength.*^ For the 
aperture widths of interest, it is only necessary to consider the illumination and the 
focal length; lief. 21 shows data for two illuminations and four focal lengths. 

Since it is impossible to give all the results of this reference, a general discussion will 
suffice. Most of the data was taken with the feed horn moved off axis in the H plane; 
a check of the characteristics of the feed horn moved off in the E plane showed agree¬ 
ment within experimental error. The implication is that the variation in scanning 
characteristics is a scalar problem, independent of polarization. A check on the 
variation in the cross-polarized component over the angle of scan showed that it was 
relatively constant over the angle of scan and dropped in intensity at the edges of the 
scan sector. 

The data for all four reflectors showed a decrease in gain and an increase in side-lobe 
level as the beam was scanned away from the axis. The side lobe on the axial side of 
the pattern increased rapidly, while that on the other side of the pattern was merged 
into a main beam. Figure 16-22 shows a typical pattern variation over the angle of 
scan. Some difference was noted in the pattern characteristics with change in aper¬ 
ture illumination. With 10-db illumination, the side-lobe level increased more rapidly 
than with the 20-db illumination. The 10-db illumination showed better gain char¬ 
acteristics for long focal length, while the 20-db illumination was better for short-focal- 
length reflectors. The scanning characteristics improved with an increase in focal 
length; best results were obtained with the longest focal length, which corresponded to 
an f/D ratio of 0.76. 

A study was made of the orientation of the feed during scanning. The two possi¬ 
bilities considered involved pointing the feed toward the vertex of the reflector or 
pointing it so that its axis was parallel to the axis of the reflector. Only minor differ¬ 
ences in the patterns wore found with changes in feed orientation, so that it was 
impossible to say that one or the other orientation was superior. It was found that 
best scanning results were obtained when the feed was moved along a line perpendicular 
to the reflector axis. For feed positions at which a side-lobe level greater than 16 db 



16-20 


SCANNING ANTENNAS 


Tw '“O " » • b»„, 

performance are based on radiatio.i patterns 
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evident that the expression matches closely the measured data in the neighborhood of 
the axis. 

Spherical Reflector. Because of their inherent symmetry, the spherical reflectors 
have been felt to be useful in scanning applications. If the feed radiator is arranged 
to illuminate only a sector of the sphere, little change in pattern will be obtained as the 
feed horn is scanned to illuminate other identical sectors. However, if a direct 
comparison is made of a spherical reflector with a paraboloidal reflector of the same 
aperture dimensions,then the sphere yields patterns which vary with scan angle in a 
manner similar to that produced by the paraboloid (Fig. 15-22), except that the side- 
lobe level is everywhere higher than that of the paraboloid. 



BEAMWIDTHS OF AXIS 

Fig. 15-2.S. Beam factor as a function of focal length and edge ilhnnination in a 30-in. 
paraboloid: 20-db illumination. ---- - - 10-dl) illuinination. A " 7.6-in. 

focal length, O == lO.C-in. focal length, X * 15-in. focal length, □ « 22.6-iu. focal length. 

Other <lata taken on the sphere showed little variation in the cross-polarized intimsity 
throughout the angle of scan. Improved performance was noted when the sphere 
radius was increased and when the aperture illumination was decreased from 10 to 
20 db at the edges of the reflector. 

Work on spherical reflectors in EnglancP^ is consistent with that of Ref. 21 since it 
shows that narrow beams can be obtained over a relatively wide angle of scan but that 
the side lobes remain at a high level throughout the scan. 

Torus Reflector. Another reflector which has been suggested for scanning applica¬ 
tions is th(^ torus, obtained by rotating an are of a circle completely about an axis 
which lies in the plane of the eircle. In order that it be useful, it is necessary that the 
reflecting surface be made up of rods at 45® to the axis of revolution. A food horn 
which yields polarization parallel to the reflecting elomoiits is placecl within the torus 
Burfac,e. The energy focused by the ridleetor appears at the opposite surface of the 
torus with a polarization normal to the reflecting elements so that it passes through the 
torus surface and forms a radiated pattern in apace. Because of the symmetry of this 
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reflector, the feed horn can be moved on a circle of constant radius to yield a scanning 
of the focused beam. 

The parameters available in the design of this reflector arc the radius of the feed 
circle, the distance from the axis of revolution to the vertex of the circular arc, and the 
axial extent of the surface. With one choice of parameters, the torus degenerates into 
a section of a spherical surface. Other variations upon the basic design would include 
the substitution of any plane curve for the circular arc. In this way, the beam shaping 

in the plane normal to the piano of scan 
can be achieved. 

The basic limitation on the torus 
scanner is similar to that of the spherical 
reflector; perfect focusing cannot be 
achieved. However, if the radiation 
characteristics obtained are satisfactory, 
then this scanner offers a lightweight, 
compact structure capable of sweeping a 
beam through 360® in azimuth. 

Parabolic-torus Reflector. One viiria- 
tion of the torus scanner, which has been 
investigated in some detail,** is that ob¬ 
tained by replacing the circular arc with 
a parabolic arc and by limiting the rota¬ 
tion of the parabolic arc about the axis of 
revolution to an angle of less than 180® so 
that the reflector does not require the 
polarization properties of the previous 
torus. The parameters available in the 
design of this system are the focal length 
of the parabola, the distance of the axis of 
revolution to the vertex of the parabola 
(torus radius), the angle of revolution, 
and the axial length. 

A study was made of the wavefront 
produced by the parabolic torus when 

-pattern in plane of parabolic arc illuminated by a point-source feed. A 

Fig. 16-24. Patterns from parabolic torus: satisfactory reflector was the half torus, 

-^ circular arc. which used a parabolic arc, one of whomt 

--Pattern m Plano of parabohe arc. 

With a ratio of focal length to radius of about 0.45, a minimum deviation from a plane 
wave was obtained. The patterns measured with this reflecstor are shown in Fig. 
15-24. It is evident that reasonable side-lobe levels can be ol)t«iinn(l in th(^ plane of 
scan and good side-lobe levels can be obtained in the other plane. However, one 
important characteristic of this typo of reflector is the higher side lobes which ai>p(Mir 
in tho planes at 45® to the principal planes. Data obtained on this reflec^tor show tlu^ 
lobes as high as 13 db in these planes. For applications where these lolxis are not 
objectionable, this reflector is superior to the paraboloid and sphere. 

Another parabolic-torus reflector was the full toms, which had a eirc.ular apertur<‘ 
similar to the paraboloids previously described. This reflector showed radiation ehur- 
acteristics unlike that of the half torus; the side lobes were merged into the main b<«im 
to produce a tent-shaped structure. The maximum side lobes were in principal planes. 

Freqtiency-scaiming Reflector. It is possible to obtain scanning from a fixed 
reflector and a fixed feed if the reflector is arranged so that its elTective surface viiri(\s 
with frequency. This variation in surface with frequency can be obtained l)y using a 
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reflector surface of many pyramids which are joined at their base. The space between 
pyramids forms waveguides of varying cross sections so that the effective reflector 
depends on the incident wavelength. The design details have not yet appeared in the 
literature. 


16.6. FEED-MOTION SYSTEMS 


The scanning systems described in this section are used together with one of the 
focusing objectives of the earlier sections. These scanners satisfy the general require¬ 
ment of moving a point source rapidly over a curve or a surface in space. The great 
majority of the feed-motion systems produce a beam moving through a plane in space 
so that the feed path is a plane curve. If a scan over a volumetric region is desired, it 
can be obtained by a combination of several scans, each confined to a dilTcrent plane. 

There are two general methods of scanning over a plane, namely, “oscillating’* scan 
and **saw-tooth ’’ scan. In the first, the beam sweeps across a plane and then returns 
by the same route; this can bo accomplished simply by mechanical oscillation of the 
feed horn. The saw-tooth scan is one in which the beam sweeps across the plane of 
scan and then stops back instantaneously to its initial point. This normally requires 
a more complex feed system, but it is more efficient since the beam equally covers all 
positions in the plane of scan. 

If wo ignore the simple feed-horn oscillation, all existing feed-motion systems can be 
placed in three categories, namely, the virtual-source scanner, the organ-pipe scanner, 
and the moving-slot scanner. In a practical application, the virtual-source scanner 
utilizes a source produced by a reflection, or a refraction, at some optical component 
between a real source and the focusing objective. In most of these scanners, the feed 
horn, a real source, is rotated continuously in front of an imaging reflector, which 
forms the virtual source. However, it is possible to obtain the same effect by holding 
the feed horn fixed and rotating a refractive prism. In either case, the apparent feed- 
source motion is approximately saw-tooth in nature. 

The organ-pipe scanner is a system in which rapid, rotary motion of a small feed 
horn is converted into motion along the desired feed path through the simple procoM of 
connecting, with waveguide channels, points on the feed circle to points on the desired 
feed path. A variation in this system occurs when the food horn is held fixed and a 
section of the waveguide channel is rotated to a(5(iomplish the same purpose. The 
remaining type of feed-motion system employs a moving slot in a waveguide wall. 
These scanners yield motion along a straight lino from some rotary motion in the feed 


system. ^ ^ REFLECTOR STRIP-n_-- ^ 

Lewis Scanner. One of the earliest vir- ^ —- 

tual-sourcc scanners was the Lewis scanner, ^ 

which employed a parallel-plate region. I \ 

The action of this scanner is evident from /y _ I _ _^ 

Fig. 16-25, where rays from the real source | 

strike a reflector strip at 45® to the antenna |^/ 

aperture and so produce a virtual source \ ' 

which feeds the lens. The straight-line 

feed path is formed into a circle by rolling H<*.aiincr. 

the parallel-plate region into a cylinder. 

A rotation of the feed about the base of the cylinder produces a virtual source which 
appears to bo moving along a straight line. Some dead time occurs when the feed 
horn is opposite the position on the cylinder where the two ends of the feed path are 
joined. The amount of dead time depends on the length of the feed path and the size 
of the feed horn; normally, it represents about 20 per cent of the scanning time. ^ 
Robinson Scanner. Tlie Robinson scanner” is a virtuaUource system, made up m 
parallel plates in a manner similar to that of the I^^wis scanner. The major differences 
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the absence of the focusing lens and the use of a more complex imaging reflector. 
This scanner uses a developable surface which, in planar form, is an isosceles trapezoid 
When the surface is developed, the smaller base is bent to lie above the larger base and 
then the two ends of the base are brought together to form a circle (Fig. 15-2C) 
Since the surface was developed from a plane, ray paths can be found from a considcra^ 
tion of the rays in a plane. Rays emanating from a horn moving on the feed circle 
leave the aperture in the same manner as those rays which might come from a feed 

moving along the smaller base of the 
trapezoid. The rotary horn motion then 
produces an apparent linear motion of a 
virtual source. 

The dead time found in this feed- 
motion system occurs when the feed is 
opposite the end points of the smaller 
trapezoid base; its value depends on the 
feed-horn size and the circumference of 
the feed circle and so is similar to that 
of the Lewis scanner. 

^ , Virtual-source Scanner. In this sys- 

the lower level of a two layer parallel-plate region 
ftt tw “ reflected mto the upper layer by a parabolic cylinder placed 

anuM between the upper and lower layers (Kg. 16-27). The reflected rays 

3h whit tw an approximately liui 

path while the feed horn moves through an arc of 120®. 

«viTn^ circle corresponds to the focal point of the parabolic 

2v ^ Since this food iJused for 

switc W ^ ® «o“P|ete system would require three feed horns and a suitable 

of th^rt1flT°^*“T' ®“’'^ bme for this system wUl then depend on tho amount 

of the rotation cycle required to switch from one feed to the next. 


FEED CIRCLE 


Fig. 15-26. Robinson scanner. 
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Fig. 15-28. Tilting-plane scanner, 

the feed*hor^is hAiTfi^t ■^. *be virtual-source scanner is obtained when 

rajs aontrj^^^^^ “ ** f '‘‘® ®“®^ey The reflected 

virfn«rL P®™® Virtual source behind the reflector. The position of this 
with tlr r*" tbe orientation of the plane. Consider an Ltial position 

reflector IfTheS" 1“ ® horizontal plane a distance d from the 

zont!5 ni. ^ ® horizontal line at a distance 6 from the hori- 

/. = 2(d cra +®'si^S’ **^® P^tb is given by 

be obtained using various 

Sms irs-m ?r refracting elements such as 

Ltween thefL a^H ^ fo«n the prism scanner would employ an element placed 
between the feed and the objective and positioned near the feed. Figure 15-29 shows 

rotaton and thT f ®-®“®“* “ « obtained by simple 

thf trianS^ ^ triangular element m which scanning is achieved by an oscillation of 
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The dcsifi;n problems associated with this type of scanner are concentrated on 
obtaining a good virtual source and minimizing the curvature of the path, followed by 
the virtual sources during the scan cycle. From the nature of the problem, most of 
the design work is experimental in nature. 


CENTER 



Fio. 15-29. Prism scanners. 


NRL Organ-pipe Scanner.” The action of this scanner can best be understood by 
considering Fig. 15-80. It (‘.an be seen that energy is introduced into certain wave¬ 
guide channels at the food cinde. It propagates through these waveguides, which are 
all of equal length to the aperture of the system. A rotation of the feed horn produces 
a change in the channels which are fed and so produces a motion of the radiated energy 
across the scanner aperture. 

The problems associated with this scanner arc centered in the transition region 
between the feed horn and the waveguide channels. By proper choice of dimensions 
here, the transition loss (lan be ludd to loss than 0.25 db. The standing-wave ratio is 
miniinizod by maintiiining the intersection between channels to a value less than 



F]<k 15-80. NRL organ-pipe scauxior. 


Hd in. It wjis found that th(^ VSWR varied with feed rotation, depending on the 
number of c.banneds which were fed at any one time; best results wore obtained using a 
horn which energized waveguide channels. 

A variation in this basi<t stru(d.ur<j would permit the scanner aperture which did not 
lie along a struiglit lin(‘ but /itt(‘<l any design curve. Another variation would involve 
a change in th(^ spae.ing Ix^tween the channel outi)utH; such a change would produce a 
noiiuniforrn scianning with a constant rotation of the fee<l horn. 

Sectoral Organ Pipe. If a circular feed path is desired, the radius of the feed circle 
can be ininimizc'd by introdiudrig a sector of an organ pipe. In this system, channels 



For constant feed 
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on the feed circle follow radial lines to the desired scan circle, 
rotation, several horns and a waveguide switch are required. 

RCA Organ Kpe.« A variation of the organ-pipe principle is obtained when the 
leea norn is held fixed and a section of the waveguide channels is rotated. One of the 

possible channel-rotation systems is shown 
in Fig. 16-31. From a consideration of 
the figure, it is seen that with rotation of 
the cylindrical-channel region the radi¬ 
ated energy is moved along the scanner 
aperture. 

Tape Scanner. The simplest type of 
moving-slot scanner involves the physical 
motion of slots in one face of a wave- 
pide.*« One system considered is shown 
in Fig. 15-32. Here energy in a linear 
length of waveguide is radiated through 
two slots which move along the wave- 
-A • length. To couple out all energy 

wthin the ^ide, it is necessary to move an effective waveguide short circuit in svm^ 

Thi. i. by ^ u. tU Lp. toe . “S;" Se 

snifter which is terminated m a short circuit. 

system is that of obtaining a tape which will 
fit tightly against the fixed waveguide section and yet wiU be fiexible enough to pass 



Fig. 15-31. RCA organ-pipe scanner. 



Fig. 15-32. Tape scanner. 

around the rotor. One additional problem relates to the means of providine r-f 
^oroTSd ^d open-sided waveguide. Successful choke designs 

moving-slot scanner utilizes the similar 
waveguide system with one waveguide wall 
removed. The slot radiator is formed be¬ 
tween the waveguide opening and a helical _ 

opening on a circular cylinder (Fig. 16-33). ^^"33. Helical-slot scanner. 

As the cylindCT is rotated, the effective radiating aperture moves along the straight 
line corresponding to the position of the opening in the waveguide ” 

rh JlrT.r ^countered in the design of this scanner was traced to the r-f 

pro em. y chokes parallel to the waveguide opening were inefficient at the 
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position of the radiating slot because of the lack of necessary “cover plate/' Various 
remedies were attempted in order to improve this situation, including the use of both 
rectangular and circular waveguide. It was found impossible to obtain satisfactory 
radiation patterns because of the choke problem. It appeared that the rectangular 
waveguide was superior to the circular one, since the field within this guide held the 
same polarization whereas the polarization varied in the circular waveguide with 
motion of the slot. 

16.7. LINE-SOURCE SCANNING SYSTEMS 

The systems considered under this heading are formed from a lino source, together 
with some means of varying the phase along the line source. In cacli case a fan beam 
is scanned which can be focused into a pencil beam by moans of an additional focusing 
clement. 

Prism Scanners. One means of scanning with a line source employs an adaptation 
of the optical prism. The beam from the line source passes through the prism and is 
deflected at an angle which depends on the prism construction and its orientation with 
respect to the line source. A motion of the prism can bo arranged to produce a scan 
of the beam. The simplest prism would employ an oscillating motion; however, the 
prism could be formed as a cone which could bo rotated about a lino other than the 
cone axis to produce a scanning of the beam. 

Another possibility would involve a prism composed of a metal-plate medium. If 
the lino source were varied in frequency, then the effective index of the prism would 
vary for the <lifferent frequencies. The result would he a scanning of the beam which 
passes through the prism. 

Foster Scanner. An ingenious method of introducing phase shift in the beam from 
a lino sour(^e employs a parallel-plate region formed between two cones.’® In its 



simplest form, the line soun^e is mounted along an element of the outer cone. Energy 
from the lim^ source is intro<lu<!<Ml into the parallel-plate region so that it propagates 
through the r<igion between the cones. This energy then leaves the parallel-plate 
region through a radiating aperture which lies along an element of the outer cone. 

The scanning action of this antenna can be undcjrstood by considering Fig. 15-34. 
The energy in the parallel-plate n^gion is carried between the surfaces of the cones, 
passes through a planar region within the inner cone, and then propagates again 
through a section of the curved r<‘.gion to the output aperture. When the plane section 
coincides with the input and output apertures, a fixcul reference phase appears across 
the output. As the cone is rotated so that energy passes through the curved regions 
and the plane region, additional pluise delay is introduced in the rays at the base 
comparcui with those at the top, sinc.e the arc length at the base is greater than that at 
the top. It iH possible then, with a rotation of the cone, to achieve a variation in 
phiise across the ap<Tture, and hence obtain the scanning of the radiated beam. 

The modification in the basic design involves placing the line source on the inner 
cone. Iix this system, the plane parallel-plate region is eliminated and scanning is 
obtained by varying the position of the line source with respect to the aperture. When 



SCANNING ANTENNAS 


16-28 


OUTPUT 

I— .499 


INPUT 


r 

-^.400 

.5M5 

1«-.I59 

t 

.400 


the line source coincides with the aperture, a certain reference phase is obtained across 
the aperture. As the inner cone is rotated so that the line source leaves the aper¬ 
ture, the path length across the base of the cone is greater than that across the top so 
that the phase at the base of the aperture is delayed with respect to that at the other 

end, and hence scanning is obtained. 

For narrow-band operation, the best 
arrangement for a Foster scanner involves 
using the line source on the inner cone, 
together with an r-f choke arrangement 
for directing the wave toward the output 
aperture.*® At the output aperture, 
__ , another choke arrangement is used to 

Fia. 16-36. Choke barrier for Foster scanner. “to free space. The do- 

tails of this choke are shown in Fig. 15-35. 

Scanning Arrays. A scanning system can be obtained by using a waveguide slot 
array and varying the phasing between the individual slots. One widely used system 
IS known as the Eagle scanner.®® This employs a variation in the wide dimension of 
waveguide to produce a variation in the phasing velocity of the wave within the guide, 
and hence a variation in the element phasing. The most effective scanner has 
employed a feed at either end of the waveguide and a switching mechanism between 
the two feed points. The difficulties encountered on this scanner are largely mechani¬ 
cal, since a reciprocating motion of the waveguide walls is necessary in order to achieve 
scanning. A further problem is the high mismatch and loss in gain when the beam is 
scanned to a position normal to the waveguide array. 

Another slot array was built into coaxial line in which the inner conduc^tor was 
rotated so that the disks moved in an eccentric manner to vary the phasing velocity of 
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Fig. 15-36. Schematic of FH-MUSA scanner. 


the wave in the coaxial lino. The simple rotation to obtain scanning made this sys¬ 
tem attractive, but there was a limit to the amount of phase variation which could be 
achieved, and hence a limit to the possible scan angle. 

A third system replaced the simple array elements with a continuous slot at the 
upper and lower corner of the narrow waveguide wall. This system used a motion of 
the narrow waveguide wall, which produced a variation in the phase velocity, and 
hence a scan of the radiated beam. 

Another method of scanning using an array involves varying the phase velocity in 
the waveguide by vapring the frequency of the transmitting source. Since no r-f 
chokes and no mechanical motion are required, this type of scan yields a simple antenna 
system. A final method of scanning using an array involves feeding the array ele¬ 
ments individually and introducing a phase shift in the transmission lines leading to 
each olcnrent. A very successful scanner of this type employed a 14-eloment system 
with 13 phasing elemonts.« A schematic of the transmission linos in this system is 
given in Fig. 16-36. The only apparent disadvantages of the system lie in the com- 
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ploxity of the transmission lines and the fact that some dh loss occurs in the 
transmission-lino network. 

Scanning with Circular Array. A relatively simple typo of scanner can be obtained 
using an array of dipole or slot elements mounted on a circular cylinder. Each array 
clement is connected through transmission line to an r-f commutator assembly 
mounted in the (jciiter of the array. The amplitude of the phase of the individual 
elements will depend on the transmission line used and on the feed system associated 
with the commutator. Many diiTcrent types of excitation are possible^^; the most 
widely used has been that in which all elements are in phase on the cylinder or in which 
the phasing is arranged so that all elements are in phase along a line tangent to the 
circle. 

One system, which has been constructed, has proved to be rather successful in the 
UHF frequency hand.-** One hundred broadband dipoles wore mounted on a cylin¬ 
drical reflector whose tliametcr was ;i() ft and whose height wiis 6 ft. The commutator 
and feed system were arranged so that 8(1 of the dipole elements were energized at any 
one time. Scanning was obtained by simple switching in the commutator. 

REFERENCES 

1. W. M. Cady, M. R. Karolitz, and L. A. Tunujr; “Radar Scanners and Radomes,’* 
McOraw-lIill Book Company, Inc., New York, 1948. A discussion of scanning 
Hystema from a pracjtical standpoint. 

2. R. K. Lunoberg: “Mathematical Theory of Optics,” Brown ITniversity Rress, I^rovi- 
denco, R.I., 1944. A theoretical cliHcusHion and application of mathematics to optics. 

3. J. E. Eaton; “An lOxtcuHion of the Limcbcrg-typc Lenses,” Naval Research Lah, RepL 
4110,1953. A variation of the Lunoberg-hms proldem in whicli the sourcie is permitted 
to lie within the unit sphere and lenses produce other wavefronts as well as the piano 
wave. 

4. CJ. 1), M. Peeler and D. II, Archer; “A Two-dimensional Microwave LunobergLons,” 
Naval’ Hvs(*arch Lah, Rejit, 4115, 1953. A <lo8(5ription of a two-dimensional Luneborg 
lens eonstnu^ted l)etween alinost-paralhd plates. It includ('.8 mathematical and 
experiiiHuitul (^onsidc^rations of the hms charaehtristu^s. 

6. A. II. He.haufelberger and L. F. Culbreth; “A (Seodesic Analogue of the Lunoberg 
Lens,” pap(*r pn'sented at 1955 URSI meeting in Washington, D.C. A Ions 
composed of a parallel-plate region; experimental (lata showed low side lobes. The 
lens is btisically that of Red. 10. 

0. (J. D. M. I*e<4(‘r, K. S. Kelleher, and II. P. Coleman; “Virtual Source Lunoberg 
Lenses,” Naval Research Lab, Rapt, 4194, 1953. An analytical discussion, with 
experimcMital data, of th<^ characteristics of a Luneberg splu^re with metallic planes 
passing through the eent(‘r. 

7. J. Brown: “Microwave Wide Angle Seamier,” Wireless Rrio-t vol. 30, no. 10, p. 250, 
1953. A study of the. Lumdierg lens with AmuI within the unit sphere. 

8. A. iS. (iutmaii: “ Modified Ijuneberg Ltms,” ,/. AppL Rhys., vol. 25, 1954. A descrip¬ 
tion of a l<MiH in which the feed can be mounted within the unit sphere. 

9. R. F. Rim^hart: “A Holution of the liapul Hcanning Problem for Radar Antennae,” 
J . Appl. Phys., vol. 19, p. 8()(), 1948. A derivation of a mean surface in a parallel-plato 
rt^gion, which surfa<u» serves as an analogue to a two-diimmsional Lunel)erg lens. 

10. R. F. Rinehart: “A Family of Designs for Rapid Scanning Radar Antennas,” iVoc. 
lliR, vol. 40, no. (>, p. (>87, 1952. A derivation of lensc's similar to that of R(^f. 9, 
except that a plane di(‘I(*<?tric region permits the use of a snuiUcr f(^ed circle. 

11. F. (}. U. Warren and S. E. A. Piiinell:“Tin Hat, Hcanning Antenmis,” RCA Victor Co., 
MontHMil, Chinada. An analogue of the Lunelx'rg lens which has tangents at its 
periphery, whose directions ar<^ in the plains of propagation. 

lla. K. H. Kunz: “(leneralization of the Rinehnrt-LniuOx'rg Ixmjh,” J, Appl, Rhys,^ vol. 25, 
p. 042, 1954. 

llb. (1. Toruldo: “ Conflciction Doublets,” J. Opt, lior. Am., vol. 45, p. 021,1955. Applica¬ 
tion of optical t(‘chiii<iueH to the Surface of Revolution seamuT. 

lie. O. Toraldo: “A Family of Perfect Configuration Ixuises of Rtwolution,” Optica Ada 
(Paris), vol. 1, no. 4, p. 157, 1955. (leiuTalizution of Myers and Rinehart’s work. 

12. M. (\ Volk and (1. D. M. Peeler: “A Three-dimensional Microwave Luneberg Lens,” 
paper presented at 1955 URHI meeting in Washington, D.C. A (h^scription of a lens 
(xinstnu^ted of a center spherical core and spherical Hindis of increasing radius. 



16-30 


SCANNING ANTENNAS 


13. 

14. 


16. 

16. 

17. 

18. 

19. 

20 . 

21 . 

22 . 

23. 

24. 
26. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 


33. 

34. 


36 . 


R. W. Corkum: “Isotropic Artificial Dielectric,“ Proc. IRE, vol. 40, no. 6, p. 674 
My, 1962. A theoretical and experimental analysis of dielectric spheres in a low- 
dielectric base medium. 

W. 0. Puro and K. S. Kelleher: “Isotropic Variable Index Media,” IRE Convention 
Record, pt. 1, Antennas and Propagation. 1964. A theoretical and experimental 
investigation of spherical voids in a dielectric. 

Microwave Radiator,” Proe. lEE {London), pt. Ill, 

“ Microwave Optics between Parallel Conducting Sheets," 
KCA Rev,, v<^. 9, December, 1948. A discussion of several microwave optics devices 
studied at RCA during and immediately after World War II 

Scanning.” /. Appl. Phya,, vol. 18, 
no. 2, p. 211, February, 1947. A discussion of the general figure-of-revolution scanner 
formed as the mean surface of a parallel-plate region. This article discussed the 
fanner of Ref. 16 and considered other scanners in which the mean surface was a cone. 
W. Rotman; A Study of Microwave Double Layer Pillboxes. Part I, Line Source 
Radiators, Air Force Cambridge Research Center Rept. AF CRC-TR-54-102 July 
1954. Discussion of several types of antennas related to those of Ref 17 ’ 

A. Bouwers: Achievements in Optics,” Elsevier Press. Inc., Houston. Tex., 1960. 
pret“Vld M Netherlands during and immediately 

H. N. Chrit: A Microwave Schmidt System,” Naodl Retearch Lab. Rept. 3989,1962 
“w experimental investigation of the Schmidt lens system in a micro¬ 
wave paraUel-plate structure. 

“Off-axis Characteristics of the Paraboloidal 

£-.sjs.S; 

**’ ^ discussion of a Schwarsohild scanner used in the microwave 

J. P. A. Martindale: “Lens Aerials," J. Brit. IBB, May, 1963. A discussion of lenses 
used m scanning applications. oi lenses 

n+^rr'^’ "'I' '°j®'®®*"®-^«“8 for Wide-angle Boani Scanning,” J. IBB 

Si Of. wbM 

of Metal Plate Media, Part 1. Theoretical Considcr- 
.Bweorch Lob. Kept. 3634,1949. A discussion, including graphs of the 
performance expected, of metal-plate media. » » i' 

W AAK Microwave Antenna,” Proe. IRB, vol. 

leiis uring mettl-S m“dU.’ mathematical discussion of a broadband 

L Ruse: “Wide An^e Metal Plate Optics,” Proe. IRB, vol. 38, p. 63, January, 1960 
Desgn ^u^ions with e^enmental data for constrained metal-plate lenses^ 

?’ \ “Volumetric Scanning Antenna,” Conven- 

antenM*°^Tl,°^^^ v’ ^*1“ describes the feed-and-lens system of a scanning 

by a steppiS technSe.'"*^’^ correction, together with on-axis correction obtained 

ff mE “Symmetrical Microwave Lenses," Convention Record 

data^^’ ^ t""®® microwave lenses, together with experimental 

Spherical Reflectors as Microwave 
H (Loi^), pt. Ilia, March, 1946. Analysis and experi- 

mental data on several spherical-reflector systems. 

ReJ' New Microwave Reflector,” Naedl Research Lab. 

pa^aboliitoriis rcflertorr‘^®“' * ®®P®«“®“t®> d®*®. on two types of 

^ferenco 1, p. 46. A description of the Robinson scanner. 

aA ;A.i • f' ®°’“.®® Scanner," Nasal Research Lab. Rept. 3967, 1962. 

fwo-laySillbofreg’ioI ®*P®"“®®*®* ‘^®*®- ® virtual-source system formed in a 

IL:!’ ^®® Scanner,” Naval Research Lab. Rept. 

p^e sJ^CT.^ ^ *°«®**'®'’ experimental data, of an organ- 



REFERENCES 


16-31 

36. W. F. Gabriel: Unelaasified paper prcaented at Third Scanning Symposium, Naval 
Research Laboratory, 1953. A description of an experimental model of the tape 
scanner. 

37. W. F. Gabriel: Unclassified paper presented at Third Scanning Symposium, Naval 
Research Laboratory, 1953. A discussion of the basic problems associated with 
chokes in the helical-slot scanner. 

38. R. C. Honey and E. M. T. Jones: “A Mechanically Simple Foster Scanner," paper 
presented at 1965 UHSI meeting in Washington, D. C. Discussion of the improve¬ 
ment obtained in the Foster scanner when the toothed barriers are replaced by choke 
barriers. 

39. Reference 1, p. 186, Discussion of Eagle scanner. 

40. M. J. Kelly: " Radar Systems and Components,” p. 846, D. Van Nostrand Company, 
Inc., Princeton, N.J., 1949. A discussion of a polyrod array used in a fire-controi 
radar. 

41. R. H. Duhamel: "Pattern Synthesis for Antenna Arrays on Circular, Elliptical, and 
Spherical Surfaces,” University of Illinois, Electrical Engineering Research Labora¬ 
tory, Urbana, Ill., 1962. Mathematical discussion of radiation patterns from arrays. 

42. R. C. Benoit and W. M. Furlow: "Wullciiwobcr-type Ultra-high-frequency Radio 
Direction Finder,” paper presentod at 1966 I HE meeting in Now York. Discussion of 
a 100-olemont ciroular array operating from 100 to 1,000 Me. 



Chapter 16 

SURFACE- AND LEAKY-WAVE ANTENNAS 


Francis J. Zxjcker 

Air Force Cambridge Research Laboratories 
Bedford^ AIassacknsclts 


16.1. Introduction. jg_2 

1G.2. rroperti(^H and Moasurcin<‘ut of Siirfiw‘<^ mui Leaky Waves .... 10-4 

Interrelationship of Parameters. l(j «4 

CaUuilation of Surfa<^(^- and Leaky-wave I^aramc^tera. 10-8 

MeaHurenient of Surface- and Leaky-wave Parameters. 16-9 

lO.JL Surfac-tvwave AnUumaa: Design Principh^s. 16-10 

liadiaiion of Surface-wave Antennas. 10-10 

Design for Maximum (lain. !!..!!.! 10-12 

Design for Minimum H(»amwidth.'_’ [ lO-lO 

Design for Minimum Sidelobe Level. !,!.!!!!! 10-16 

Design for Hroad Pattern Handwidth. lG-17 

. itir 

Arrays of Line Sources. 10-19 

Area Sounuvs.. 10-20 

KfTeet of Finite (Jrouml Plane on the Ihidiation Pattern ..!....!! 10-21 

Beam-shaping Tcehnicimw. 10-21 

Linear and (Circular Polarization. ..!!!! 10- 22 

Scanning.! . . .! . 10 -22 

10.‘L Surfaccvwave Antennas: Specific Structures. 10-22 

Dielectric Rod. 10-23 

Dielectric CJhanmfi (Juide. 10-24 

YttRiH.; jc -25 

Cigar Antcmna. 10-25 

Zigzag Antiuina. 10-25 

Waveguide-loade<l Slot Array. 10-20 

Dielectri<^ Slauds and Pan (‘Is. 10-20 

Corrugat.(*d Surfa<^(‘. 10-27 

Pin-bed Antenna. 10-28 

10.5. Surfactswav(‘-excited Arrays of Disende loiements: ilesign 

Principl(‘s. 10-28 

Direction of Main B(‘am.10-28 

(Control of Ap(‘rture Distribution. 10-30 

M(‘asur(‘nu‘nt. of 101ern(*nt Conductances. 16-31 

Array SyntlK^sis and B(‘am Shaping. 10-31 

(Jain, B(‘am\vidth, and Sidelobe Level of Linear Arrays. 10-32 

Arrays of Line Soure(‘s; Area Sources. 10-33 

(hnuilar Polarization. 10-34 





































16-2 


SURFACE- AND LEAKY-WAVE ANTENNAS 


Scanning. 

16.6. Surface-wave-excited Arrays of Discrete Elements: Snccific 

Structures. ^ 

Two-wire Lme with Proximity-coupled Dipoles. 

Sandwich-wire Antenna. 

Trough-guide Antennas. 

Dielectric Hod or Image Line with Discontinuities. 

Stepped Dielectric Strips.. 

Dielectrie-image-line-excited TVoldimensional Slot Array!!. 

Dielectric Wafer. . . 

Surface-wave Turnstile. 

Pinecone Antenna. 

16.7. Le^y-wave Antennas: Design Principles!!!!!!!!!!!!!. 

Direction of Main Beam. 

Control of Aperture Distribution. 

Array Synthesis and Beam Shaping.. ...!!.!!! . 

Gain, Beamwidth, and Sidelobe Level....... ’ ’ ’ ’. ’ ’ ’ ” 

Arrays of Line Sources; Area Sources. 

Feeds.‘ . 

Termination. . 


Effect of Hadome. 

Circular Polarization. 

Scanning. *. 

16.8. Leaky-wave Antennas: Specikc Structures 
Leaky Coaxial Lines. 


Long Slots m Rectangular Waveguide.!. .....!! 

Long Slots in Circular Waveguide. 

Closely Spaced Slots and Holes in Rectan^lar Waveguide. 

Plane Array of Thick Transverse Slots. 

Leaky Trough-guide Antennas. 

Inductive-grid Antenna (Transverse Strips).!..... . 

Longitudinal Strips. *. 

Holey-plate and Mushroom Antennas.. 


16-34 

16-34 

16-34 

16-36 

16-38 

16-40 

16-40 

16-41 

16-41 

16-41 

16-41 

16-42 

16-42 

16-42 

16-43 

16-43 

16-43 

16-44 

16-44 

16-44 

16-44 

16-44 

16-45 

16-45 

16-47 

16-47 

10-47 

16-49 

16-49 

16-52 

16-52 

16-53 


16.1. INTRODUCTION 

anicnnos cover a large variety of structures. 

® ® ’"hich is based on 

travehng wave that propagates along the antenna aperture. 
^ aperture is genially several wavelengths long, surface- and lea^-wave 
imtennas become physically large at low frequencies. They find some use as ground 

th^S^yfre^^n'’^^*’ applications lie slightly below and in 

leaky-wave antennas are part of the larger class of traveling-wave 
^^^^^^l^^ave antennas include long wires and rhombics (Chap. 4), 

in Kg 1 ’’“S 1 “tennas treated in this chapter are shown 

in Kg 16-1. The dieleotnc-rod antenna (Kg. 16-la) supports a mrface wave, or 

in It cames its energy within a small distance from the 

radiate except at a discontinuity, such as the termina¬ 
tion of the stracture. The radiation pattern, usually end-fire, can be viewed as a 
combination of direct radiation from the feed F and surface-wave radiation from the 
transverse plane T passing through the terminal discontinuity. Such end-fire surface 
u>ave aruennas (Secs. 16.3 and 16.4) can be constructed o^^ dierecto^^ 
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in Fig. 16-la, or of artificial dielectric such as a cornigated-metal surface. Their 
principal use is in low-silhoucttc or flush-mounting applications 
The traveling wave carried by a two-wire line (Kig. 16-16) is still a surface or 
trapped, wave, but discontinuities placed at intervals along the line-in this instance 
p„„.m,tt-ooupL»d <llpol«^„.kp the uu™. lit'„ rf StelS 

waveguide. The pattern characteristics of such mrface^aue-exdJd arrays of discrete 

(Chaps. 6 and .)), but design information, by comparison with that on slot arrays is 
rather meager. As with slots, beams can be shaped and they can be produced at a!ny 
angle with the array axis (other than broadside, which is difficult to achieve). 



M ^ (b) (c) 


+ 1 , roHults when discontinuities are so densely spaced along 

the line that there are inaiiy per wavelength, or they in fact merge into a continuous 
perturbing structure, is illustrated by the long slot in waveguide (Fig. 16-lc) Because 
the wave radiates continuously as it travels along the aperture; this type is called a 
leaky wave (Secs 16.7 and 16.8). Although they closely resemble surface-wavo- 
excitcd arrays of discrete elements in tcehni<iuea and varieties of pattern control 
leaky-wave antennas have the disadvantage that the main beam cannot be placed in 
the back quadrant (i)0 < 9 < 180°, where 9 is the angle off end fire). They have, 
on the other hand, several advantages: most leaky-wave antennas can be mounted 
on earn'd surfaces, many can be frequency-scanned from near broadside to near end 
fire without beam broadening, and design information available on some of them is 
so precise that pattern specifications can be met with the highest accuracy 

Two antenna structures treated in this chapter are also discussed in other chapters 
Infonnation on the ordinary Yagi-Uda array in Chap. 6 is supplemented here with 
data especially applicable to long Yagis, for which the surface-wave aspect is the 
dominant design principle. Slot arrays are fully treated in Chap. « from the point 
of view of discrete elements fed fnim a common waveguide. When dealing with very 
closely spaced non resonant slots, or a continuous slot (dong the entire length of the 
antenna, it is best to base t he design on the leaky-wave concept. These types of slot 
arrays are therefore covered here rather than in Chap. 9. 

Surfiu'e- and leaky-wave antennas can be designed for omnidirectional coverage, 
shaped beams, fixed pencil beams, scanning in elevation or azimuth, and for any kind 
^polarization Because of their large diversity, they have few features in common. 
Most of them leml themselves to flush, or at least low-silhouette, installation. A few 
of them atf,aiii pattern baiidwidths of 2:1, the more usual being around ±10 or 
±15 per ('cnt. Most of f.lieni are easily impedance-niatched. Their many airborne 
and missile applii-ations include antennas for coiiiniunieations, search radar, command 
guidance ground mapping, and lioiiiing. When high power is not a requirement, 
they lend fhemselves well to printcHl-circuit techniques. With the exception of 
several television and ionosiilieric scatter antennas in France and satellite-tracking 
antennas in the United States, no ground applications have been reported, though the 
field looks promising. 
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16.2. PROPERTIES AND MEASUREMENT OF SURFACE AND LEAKY 
WAVES 

For design purposes, a surface wave is sufficiently characterized by a single param- 
eter, for example, the wavelength in the direction of propagation along the interface, 
and a leaky wave by two parameters, usually the wavelength and the leakage attenua- 
tion along the interface. Tha various surface- and leaky-wave parameters will now 
be defined and formulas given for their interrelationship; it will then be shown how 
e pMameters can be calculated if the surface impedance is known, or how they can 
be determined by measurements. 



va; (g) 

Parameters. The governing relation is the separability con¬ 
dition for the wave equation. In rectangular coordinates (Fig. 16-2o), 


fc.* -I- -I- jfc.« = k* 


(16-1) 


numbers, are in general complex, for example, lb. = fl. - i«. 

rn?<f%he^aSen® per unit length (inches, centimeters, or meters) 

Teium wSr per unit len^. The wave number k h that of the 

niediuin in which the wave travels, k = o, with a, the angular frequeney the 

iJSSeth* X * 0 ® f rmeability. In air, k is pure real; it is related to the 

r; by ft - jS = 2 t/X and to the phase velocity of light c by ft = c/c. 

Sirnilarly,Jhe constat A^ong the surface is related to the surface wavclen^ 

‘ XU*" surface phase velocity Vg by = «/*;,. The followinc 

ratios are therefore equivalent: ” 

Pb ^ \ c 

k X» ** !>, (16-2) 

i™?? Ta "-KT slower than light, 

lenrh X 1 ^’ ® (''• > '=)• The surface wfvel 

w^S^uid^ ^ 
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tn t T/T- to the mt<!rfacc and deeays vorticallv 

to It, that IS, tho phase constant /S^ is koto, and = -ja^ (p„rc attcmiationl wl+h 

a, positive. Assunio finst tliat the wave extends indefinitely in the transverse dirce 
tion, so k„ = 0 (Fik. !(,-•>«,). E,,nation (1(>-1) reiiuircs that be pure real that is 

there can lie no attenuation in tlie ilirection ^ * * ’ 

of propaRution, and we obtain tlie siinplo 
but basic relation 

or equivalently, iisiiiK Kq. (Ui-2), 
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tional waveguide theory; from Bq. (16-1), we now have, instead of Bq. (16-3o), 

= k^+ n - 0, 1, 2, • ■ ■ (16-5a) 

If n = 0 (no variation in y direction), Bqs. (16-3), and therefore also Fig. 16-36, stiU 
apply. If n « 1 (half a sinusoid in y direction), 


Since the second term is usuaUy smaller than the third, it follows that the wave is 
usually, though not necessarily, faster than Ught. Fast surface waves are used to 


X 



(c) 


(b) 

Surfac^ve field structure above interface: (a) TM-wave components on 
plane surface. (6) Composite electric-field lines over one-wavelength interval (arrow in 
direction of propagation), (c) Composite electric-field lines of HEn wave on axial- 
cylindrical surface (cross section). Dashed line shows electric-image plane (Sec. 16.4), 



excite arrays of discrete elements (Secs. 16.6 and 16.6). The field and power decay 
st m follows Fig. 16- 3a and 5, provided that the abscissa in Fig. 16-36 is relabeled 
V (VX.)* + (X/2u;)» to account for the difference between Bqs. (16-36) and (16-66). 
The heights x/\ corresponding to the 25-db contour in Fig. 16-35 are useful for esti- 
matmg the extent to which the duct walls, which theoretically must be infinite in 
h6ight, may be lowcrad without porturbing ths surfaco wave. 

Surface-wave geometries other than rectangular are shown in Fig. 16-2c-e. The 
separability condition for the wave equation in axial- and radial-cylindrical coordi¬ 
nates (Pig. 16-2c and d) reads 


hr’ + fc.’ - A* (16-6) 

(note that ht does not appear), which is formally identical with Bq. (16-1) for the 
case hv - 0. The interrelationships of the surface-wave parameters given in Bqs. 
(16-3) still hold if hr is substituted for Above the surface, the field components 
decay like Hankel functions; in the axial-cylindrical case, for example, 

E,(_r,z,t) = E, ■ J?(,(«(a,r) • erifif ■ «/“» (16-7) 

The circumferential field dependence in the case of the HEn mode—the one of prin¬ 
cipal interest in this geometry—is one full sinusoid. Composite E lines for this 
hybrid wave (so called because of the presence of both E. and H.) are shown in Fig. 
1^4c. [The structure inside the circular interface could equally well be a metal rod 
with dielectric mantle, an array of circular disks (cigar antenna), or even an array 
of dipoles (Yagi).] For large radii, the Hankel function is asymptotic to the exponen¬ 
tial, and Bq. (16-7) differs negligibly from Bq. (16-4). As a consequence, the 26-db 
contoum in Fig. 16-36 still hold and the 10-db contours nearly so; these curves are 
useful in estimating the degree of coupling between adjacent end-fire line sources. 



MEASUREMENT OF SURFACE AND LEAKY WAVES 16-7 

In the radial-cylindrical case, the field components decay exponentially away from 
the surface, so that Fir. 16-36 applies exactly. But the constant-amplitude fronts 

‘he surface because the field components decay 
radially like Hankol functions (asymptotically like 1/v^), bringing the fronts clos« 
to the suriac^e with inoroiiHing r. 

In the aisimuthal-cyliudrical or spherical case it can be shown that the wave num¬ 
bers aro always complex, so that these surface waves are no longer completely trapped 
Because the radius of curvature is usually large, it is convenient to treat asimuthai 
waves as a perturbation of Eqs. (lG-3) for flat surfaces. 

A ica% wave is one that radiates continuously as it propagates along a plane inter¬ 
face. Assuming A, - 0, which is usually the case, Eq. (16-1) reads 


- ja,y + (/3, - ja.y = 


(16-8fl) 


[Upon substitution of pr an<l for p, and Eq. (16-8o) also holds in axial- and radial- 

cylindrical coordinates.] Equating im¬ 


aginary partiH, 

+ ngfSx 


0 (1(V.8?>) 


where or, and /3, aro of o<iual sign (atten¬ 
uation in direction of propagation along 
siirfa(re), fix is positive (leakage away 
from surfac^c), and a, is therefore nega¬ 
tive; that is, the leaky-wave field increaftes 
away from the intcrfiw^c. The phase and 
amplitude fronts can now be sketched 
(Fig. Hl-5); they arc at right angles to 
ctK^h other, as in the surface-wave cjise; 



Fig. 16-6. Phase and amplitude fronts of a 
piano leaky wave. Solid lines, constant- 
phase fronts; dashed lines, constant-ampli¬ 
tude fronts; shaded region shows amplitude 
decay. 


in fact, the leaky wave looks like an upside-down , tilted su rface wave. It is con¬ 
venient to intr<)<lu<*e a. nvt phase constant ^ and a net attenuation 

constant <v = -h as indicated in Fig. 16-6. Equating the real parts of Ea. 

(16-8a), one finds 


- a* « fc* 


(16-8c) 


whi<di inea-ns that, in th<* <lir<»(di<)n of cinergenc^c the Icaky-wavo phase velocity is 
slower than that of light. l<'.f. E<i. (lO-Ila)]. The phase constant along the interface is 
(Fig. lG-5) 


“ /5 c,os 0 ^ k 


v*+(!y 


cos $ 


(16-9) 


which may be Inrgt^r or smaller than /c, depending on the amount of vH attenuation 
in the leaky wav<‘ and on its angle of emergence; it is usually smaller, and along the 
interfa.c<*, Uuiky wa ves are then'fore usually, though not necessarily, faster than light. 
The angle of <*mergc*ne<s using E(|s. (KM)) and (16-2), is 


Bm 

cos 0 ^ ^ 

p 

X 


Vl -h (aX727r)» 

If ofX is niiudi siruilU*r than 2ir, as is usiially the ease, we may write 


(16-lOa) 


(50H 6 = f- 

Ai 


(16-106) 


Antennii chwigtiK luiwul on loiiky wimw arc doHcribed in Sees. 16.7 and 16.8. 
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SURFACE- AND LEAKY-WAVE ANTENNAS 


Calculation of Surface- and Leaky-wave Parameters. Surface waves are modes 
on unshielded waveguides; leaky waves are “improper*' modes, so called because 
they violate the radiation condition [negative a®, Eq. (16-8a)]. Both are solutions 
of the homogeneous (source-free) wave equation subject to the boundary conditions 
at the interface. As in the case of shielded waveguides, the boundary-value problem 
is often conveniently stated in terms of the “transverse resonance condition,*' which 
requires that the equivalent network of a transverse section through the waveguide 
be resonant.! With Z® the impedance looking straight up from the interface, and 
Z, the surface impedance looking straight down, the resonance condition reads 


Z® + Z. = 0 

(16-11) 

Zx depends on the geometry and the mode; in rectangular coordinates. 


Z® = — for TM waves 

C06o 

(16-12a) 

Zg. = ^ for TE waves 

Kz 

(16-126) 

In the case of a surface wave, kx = —jotx) Z» is therefore capacitive in Eq. (16-12a) 
and inductive in Eq. (16-126). It follows from Eq. (16-11) that the TM surface wave 
requires an inductive surface, Z« = jX®, and the TE surface wave a capacitive sur¬ 
face, Z, « —iX, (X, positive). Equation (16-11) now roads 

^ ^ for TM waves 

k Rc 

(16-13a) 

^ ^ TE waves 

(16-136) 


where Rg » •%/^o/eo =■ 377 ohms. jS, or X/X, follow immediately from Eqs. (16-3). 
Leaky waves, for which is complex, require a complex surface impedance to satisfy 
Eq. (16-11). Instead of a single equation for a* [Eq. (16-13a) or (16-136)1, one 
then obtains two equations, yielding a® and jS®, and therefore j8* and a, [Eqs. (10-8)]. 

Knowledge of the surface impedance thus solves the boundary-value problem. It 
is instructive to calculate this impedance for two simple cases: surface waves on a 
dielectric slab-on-metal and on a corrugated-metal sheet. Looking down from the 
air-dielectric interface in Fig. 16-2a, one sees a dielectric-loaded region short-circ.uited 
at the end. Using transmission-line theory, assuming that the wave is TM, and 
noting that a wave that is TM in the direction of propagation is also TM transverse 
to it, 

Z, =—tanfcxd (16-14) 

where is the vertical wave number in the slab of dielectric (constant ei. Since Xt 
must h(5 positive real, kx =* jS®. [One could now write the field components below the 
interface in the form of Eq. (16-4), with a sinusoidal variation in x replacing the 
exponential decay; the field configuration below the interfac^o, however, is rarely of 
interest to the engineer.] Substitution of Eq. (16-14) in Eq. (16-13a) gives one 
equation in two unknowns, a® and ^x. a® is a function of jS, through Eq. (IG-Sa); 
/3® can also be expressed as a function of /3„ since Eq. (10-1) reads 

iS** + i8.« = fci* 

in the dielectric medium (Ai =» co The solution® shows that the lowest TM 

mode has no eutolT and that the phase velocity of the surface wave lies between 
c and c -y/ei/eo, approaching the free-space velocity in air for very thin sheets and 
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the free-space velocity in the dielectric for thick sheets (numerical results in Sec. 16.4) 
The analysis for a TE wave uses Eq. (16-136) and results in a lowest mode that doeJ 
have a cutoff. It is worth pointing out that below cutoff a surface wave does not 
become evanescent but ceases to exist altogether. 

Tho interface of the corrugated-metal sheet (Fig. 16-0) is an imaginary plane through 
the top of the teeth. A', is zero over the teeth and equals /f, tan k<l over the grooves, 
which are short-circuited parallel-plane transniission lines (inductive in the range 
0 <kd < •kI'£). If there arc many grooves per wavelength, 
the surface impedance over the teeth and grooves may be i ♦'HH- "H Ka 
averaged; that is, X» S [p/(f/ + p]R, tan kd. Substitution in -Hium 

Eq. (10-13o) gives one equation in one unknown. The results __ 

of this approximation turn out to be good provided there are at pio. 16-6 Corru- 
least five grooves per wavelength. A more exact calculation gatod-metal surface! 
takes into account tho higher-order (bclow-tiutoff) modes at Arrow points in di- 
the mouth of the grooves, which produce higher-order waves propago- 

along the interface that modify the field lines sketched in Fig. 

16-4o and 6 only in the close vicinity of the teeth (see Sec. 16.4 for numerical results) 
No TE wave exists because the component is shorted out by the teeth. 

The surface impedance of many structures can bo found in the “Waveguide Hand¬ 
book,”* but the subsequent calculations are not always simple. This is especially 
true of the complex transcendental equations that arise in the case of leaky waves, for 
which a special perturbation method has been developed.* If a structure is required 
whoso surface- or leaky-wave parjimctcrs are not found in Sec. 16.4, 16.6, or 16.8 nor 
in the referenced literature, it is best to determine them by measurement. 

Measurement of Surface- and Leaky-wave Parameters. In tho case of surface 
waves, a vertical metal plate large enough to reflect at least 90 per cent of the incident 
energy (use Fig. 16-36 to detennine minimum size) produces deep nulls at half-wave¬ 
length intervals along the surface. Bc<!auso of turbulence in the aperture field near 
the fc(Hl, measurements should be made at a minimum distance from the feed given by 

. ~ 0.17X 

- (\7>^r-i 

[see Eq. (I6-19)|. If the fn‘<iucncy is so low that reflector size becomes a problem, the 
distaiKte betwu^on nulls is f<mnd by feeding tlie probe signal into a phase-comparison 
circuit (using magic T and attenuator) that measures tlie traveling-wave phase with 
respect to a r(>feronco signal. 

The probe used in tlie.se measurements should have a small cross section so as not 
to perturb the field. It needs chokes to suppress antenna currents on its outer con¬ 
ductor, and it must couple only into the E or the U field, with good discrimination 
against the unwanted one. A coaxially-fed monopole or a waveguide horn pinched 
at the mouth (with dielectric loading to keep it above cutoff)* is very satisfactory; 
loops and horizontal dipoles less so. The distance between probe and aperture 
should be us small as possible without pert.urbing tho aperture field, and it should be 
hold constant by providing a rigid probe carriage. 

Using Eip (16-106), of a leaky wave civn bo determined from tho direction of the 
inain beam in the radiation pattern. Alternatively, to measure X, and at the same 
time or,, one (lan use the same probci-and-eomparisoiwurcuit method as with surfaese 
waves, but it is usually simphu and more iwcurate to compare the phase and power 
level at tho termination of a section of leaky waveguide with tho phase and power level 
at the end of an wiunl-kmgth unperturlKsd waveguide. Ia(t ^ bo the phjise at the 
termination of, say, the long slot in Fig. 16-lc as measured by a probe inserted into the 
guide, and 0' the phase in the same location when tlu* slot has been filled or covered 
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with metal. The unknown leaky wavelength is given by 


1 1 0 — 

(16-16) 


where the wavelength x' in the shielded waveguide must also be measured. Similarly, 
let P be the power level in decibels at the end of the long slot and P' the power level 
in decibels in the shielded guide; then 


O!, 


P' -P 


I 

' 0.115 


db/unit length 
P» ^p 


nepers/unit length 


(16-17) 


where (is the length of the slot in arbitrary units. If high accuracy is required, wall 
losses in the test section must be taken into accoimt. 

The measurement of diatonMnuiUea on surface waveguides is discussed in See. 16.6. 


16.8. STOFACE-WAVE ANTENNAS: DESIGN PRINCIPLES 

The design philosophy is developed first for line sources, then for arrays of line 
soimoee and area sources. Special beam-shaping techniques, circular polarization, 
and scannmg are treated at the end of this section. 



(b) 

antenna struoturea: (o) Yagi (row of monopoles) on itround plane 
6‘Pol^reflector comlmation. (i») Dielectric rod, excited hy or ret 

tangular waveguide (broad wall m plane of paper). Structure (o) is shown ontimiaed for 
maximum gam or mmimum beamwidth, (6) for low sidelobes. ** 


^diation of Surface-wave Antennas. Before presenting design principles (for 
optimum gam, beamwidth. sidelobe level, and bandwidth), it is useful to e v.minA 
how surface-wave antennas radiate. Two typical structures are shown in Fig. 16-7. 
The feed F (consistmg of a monopole and reflector in Fig. 16-7o and of a circular or 
rectangular waveguide in Fig. 16-76) couples a portion of the input power into a 
surface wave, which travels along the antenna structure to the termination T, where 
it radiates mto space. The ratio of power in the surface wave to total input power 
(efficiency of excitation) is usually between 66 and 76 per cent. Power not coupled 
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into the surface wave is directly radiated by the feed in a pattern resembling that 
radiated by the feed when no antenna structure is in front of it. 

diverse purposes. The feed taper increases 
the efficiency of excitation and also affects the shape of the feed pattern. The body 
toper (extending to point P in Fig. 16-76) suppresses sidelobes and increases bandwidth. 
At the termination T, some of the surface wave is reflected, the magnitude of the 
reflection coefficient R being small if the 
phase velocity is close to that of light:® 


|i2| ^ 1 - 


X, 


Because the reflected surface wave spoils 
the pattern and bandwidth of the an¬ 
tenna, a terminal taper is used to reduce 
it to a negligible value. 

The surface wave illuminates the ter¬ 
minal aperture (plane perpendicular to 
the antenna axis through T) in a circular 
region whose radius inc^reasca as the trans¬ 
verse attenuation of the surface wave 
diminishes, or equivalently, as the sur¬ 
face phiise velocity approaches that of 
light [Eq. (16-36)]. The larger the illu¬ 
minated region, the higher the gain pro¬ 
duced in the radiation pattern. Since 
the surface-wave phase front lies in the 
aperture plane, the pattern peaks in the 
end-firc direction. A simple hut only 
approximate expression® for the terminal 
radiation pattern T{B) is 


-3 
-6 
-9 
db -12 
-15 
-18 
-21 


-24 
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90® 


DEGREES 

Fig. 16-8. Radiation pattern of 4X-long 
s\irfacc5-wavc antenna adjustc^d for maxi¬ 
mum gain in accordance with Eq. (10-206) 
(X/X* ■■ 1.08). T{B) is tho Il-plane pat¬ 
tern of tho Burfaco-wovo distribution in the 
terminal plane. For coinparison, sin 
iH alHo shown (shaded region). 


wbere 0 in the angle olT end fire, and X. in the surfacte wavelength at T (just to tho left 
of the tcTininal tap<*r, to h<^ i)rec,isc). This pattern has neither nulls nor side- 
lobes and, as expected, fulls off more rapidly the closer X/X, is to 1. More accurate 
exproHHltma’." and an experimental determination' indicate that tho pattern is actually 
about 20 per cent narrower than in liki. (IC-IS). ITio dashed lino in Fig. 16-8 shows 
this corrected terminal radiation pattern for X/X, - 1.08, which is tho optimum 
relative phase velocity for a maximum-gain antenna 4X long [Eq. (16-206)]. 

The radiation pattern of tho feed shown in Fig. 16-7a is quite broad (approximately 
a cardioid in jiolar coordinates). In eonihinntion with the terminal radiation T{9), 
it produces the tot.al mirfaeo-wavc antenna pattern, shown by tho solid line in Fig. 16-8 
(experimentiU (lata for antenna length ( = 4X, X/X, - 1.08). In the vicinity of end 
firo, tlic terminal pattern predominate; as 0 inereases, interference with tho feed 
pattern first narrows the beam and then prodiu'cs a sidelobc at :16®; beyond 46° tho 
feed pattern pn'dominates. Patterns of all surfa(«i-wave antennas adjusted for 
inaximutn gain look like those in Fig. 16-8, except that for antennas longer than 4X 
tho pattern spreads less in 6 (first sidelolie closer to end fir<! tlwui 26°), and for shorter 
stru(!tur(!s it spreads inori!. 1'he field Iniyoiid the first sidelobc falls off more rapidly 
tho larger the end-lire gain of the feed radiation. 

The curves in Mg. 16-8 are for the H piano, in which tho element pattern of tho 
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Yagi monopoles (Fig. 16-7a) is omnidirectional. In the E plane, T{<^) (<^ is the angle 
off end fire) is narrowed by multiplication with the J^-plane element factor (a dipole 
pattern modified by the effects of mutual impedance), which for < 60® approximates 
cos 0 and then decays more gradually (no null at 0 = 90®). The total pattern in the 
E plane as therefore also narrower than in the H plane, and sidclobes are lower by 
2 to 3 db. 

In the case of the HEn mode on a dielectric rod (Fig. 16-76), the E- and iJ-plane 
element factors, and consequently the beamwidths and sidelobe levels, arc more 
nearly the same. The sidelobe level is now usually higher by 0.6 to 1.6 db in the 

E plane than in the H plane, the precise amount 
depending on the relative shape of the E- and 
H-plane feed patterns. 

Instead of being regarded as a combination 
of feed and terminal radiation, the surface- 
wave antenna pattern can be viewed as an 
integral over the field distribution along the 
antenna structure. What this distribution 
looks like can be seen in Fig. 16-9: the ampli¬ 
tude A{z) along the row of monopoles (Fig. 
16-7a) starts with a hump near the feed and 
flattens out as the surface wave peels itself 
of the near field of feed and feed taper, 
me surface wave is well established at a distance from the feed where the radi- 

ated wave from the feed, propagating at the velocity of light, loads the surface wave 
by about 60®: 



db 


Pig. 16-9. Amplitude A (a) of field 
along surf ace-wave antenna struc¬ 
ture. At surface wave is well 
established over its entire cross 
section. 


tiaiuhu - = I (16-19) 

[whence Eq,^ (16-15)]. The location of ixa\n on an antenna designed for maximum 
g^ IS seen in Fig. 16-9 to be about halfway between feed and termination. Since 

e s ace wave is fully developed from this point on, the remainder of the antenna 
togth 18 used solely to bring feed and terminal radiation into the proper phase rela- 

ton for m^murn gain. (In the absence of a feed taper, Cin occurs closer to F and 
the hump is higher.) 

Were there no hump at all, the surface-wave antenna would radiate the fatriilitir 
sin f/f^ttem [{ - (5r<A)(X/X. - cos 9)] produced by constant-amplitude illumina¬ 
tion. Tto pattern is shown for comparison in Fig. 16-8 (shaded region); it is an 
unnatural pattern for parasitically excited antennas, which necessarily have feed 
turbulence. 

I^w sidelobe and broadband designs require tapers that extend over a substantial 
prt of the antMna (Kg. 16-76). Although the field along one particular taper has 
been ex^med m detail,the effect of tapers on the total radiation pattern is not 
well understood. When the taper is very gradual, the phase velocity at each point 
has the value one would expect from the local surface impedance; when it is sharp, 
a leaky wave is produced, which fills in the minima of the pattern, widens the beam, 
and reduces sidelobes. 

Design for Maximum Gain. The phase velocity along the antenna and the dimen- 
sions of the feed and terminal tapers in the maximum-gain design of Fig. 16-7a must 
now be specified. 

If the amplitude distribution in Fig. 16-9 were flat, maximum gain would be 
obtained by meeting the Hansen-Woodyard condition (strictly valid only for antenna 
lengths t » X; see Chap. 5), which requires the phase difference at T between the 
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surface wave and the freo-spaco wave from the feed to be approximately 180°: 

tkz — tk = TT, 

or, equivalently, 


A 5 = 1 ^ A 
X. ^ ^ 2/ 


(l()-20rt) 


which is plotted as the upper dashed line in Fig. 16-10. 

Since the size and extent of the hump are a function of feed and fccd-lapor (•oriHiru(‘- 
tion, the optinmni terminal phase difference for a proscTibed antenna lenp;th (‘aiiiiot 
easily be calculat(‘d. Exp<‘rinicntal work on Yagis (but without feed taper) by 



velocity c/c » X/X, for maximum-gain siirfaco-wavo antennas, 
In ^/^° llanHcn-Woodyard condition, Eq. 

UU--00); HI: Idirenspeek and rochlor oxpcriinontal vahics, Kq. (l«-20/>); 100 per cent; 

ideali2(Ki pcrf(n*t <^xcitat.i<m, Fq. (10-20c). 


Idinuispeck and Pcxdiler** and Khrenspock** has shown that the optiimim tenninal 
pluise <liff(‘r<mce lies near OO® for very short antennas, rises to about 120® for t l)('tw'(xuii 
4X and 8X, tlum gradually approaches 180® for the longest antenna ineaHured (20X). 
riicrefon* 


X. 


1 



(16-20/0 


with p starting near 6 for f = X, diminishing to approximately 3 for f b(^tw(X‘n 3X 
and 8X and to 2 at 2()X. This relation is plotted as the solid cuirve in Fig. 16-10. In 
the prc^sence of a feed taper, the optimum X/X, values He slightly belo 7 V this cur\'e. 

If the effieiency of excitation is very high, interferen(;e between feed and terminal 
radiation is of minor importan<?e, and the antenna need just be long enough so that 
the surface wave is fully establislied, that is, ^ = Cm in Fig. 16-9. From Eep (16-10), 


X 

X, 


1 



(16-20C) 


which is plotted as tlu^ lower hound of tlie shaded region in Fig. 10-10. 

Hecaus(‘ f<‘(Mls an^ more efficient when exciting slow surface waves than when th<* 
phase velocity is close to that of light, tlu^ solid line starts near the lower bound and 
ends at th<^ upper. 8o long as X/X, falls within the shaded region, its precuse adjust¬ 
ment is not Loo critical; with / ** 4X, and in the presem^e of a feed taper, the gain 

drops only I db if x/X, lies on the dashed lower instead of just below the solhl unrx*!' 
bound. 

Although this technique for maximizing the gain has been stric-tly verified only for 
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Yagi antennas, data available in the literature on other structures suggest that 
optimum X/X* values lie on or just below the solid curve in all instances. To produce 
these optimum values, the dependence of X/X, on the structural parameters of the 
antenna must be calculated or measured (as described in Sec. 1G.2) or looked up in 
the literature; the more important cases are plotted in Sec. 16.4. 

The feed taper should begin at F with X/X, between 1.2 and 1.3 and extend over 
approximately 20 per cent of the full antenna length. Its exact shape is not important 



Fig. 16-11. Gain and beamwidth of surface-wave antenna, as a function of relative antenna 
length 4/\, For gain (in decibels above an isotropic source), use right-hand ordinate, for 
beamwidth, left-hand ordinate. Solid lines are optimum values; dashed lines are for low- 
sidelobe and broadband design. 


so long as a smooth transition is made to the main body of the antenna. The termi¬ 
nal taper should be approximately 0.5X long, and to match the surface wave to space, 
X, at the end of the taper should be as close as possible to X. In the case of a polyrod 
(e = 2.56), for example. Fig. 16-18 shows that X, is reasonably close to X when 

d/X = 0.23 


and the end of the rod is therefore blunt rather than pointed. 

The gain above an isotropic radiator of a long {I » X) uniformly illuminated end- 
fire antenna whose phase velocity satisfies Eq. (16-20ci) was shown by Hansen and 
Woodyard to be approximately 



If the design is based on the optimal phase velocities and taper dimensions just 
described, the gain for ^ between 3X and 8X is 
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which is 1.6 db above the Hansen-Woodyard gain. For shorter lengths the gain may 
be 30 per cent higher; for longer lengths, the proportionality factor slowly decreases 
because of ohmic loss and the difficulty of designing an efficient feed. Maximum 
gains reported in the literature are plotted in decibels as a function of l/\ in Fig. 16-11 
(solid-line margin of shaded region marked “gain’’). These gains involve a slight 
degree of “supcrgaining,” but not enough to produce excessively narrow bandwidths 
or high ohmic loss. 

The half-power heamwidth R W of a maximum-gain design is approximately 

BW = 55 degrees (16-22) 


which lies just above the lower (solid-line) margin of the shaded region marked 
“beamwidth” in Fig. 16-11. Equation (16-22) gives an average figure, the beam- 
width, usually, being slightly narrower in the E plane and slightly wider in the H plane. 

The ttidelobe level, for ^ between 3X and 8X, is about 11 db in the H plane and 10 or 
14 db in the E plane of a dielectric rod or Yagi, respectively (cf. above). For shorter 
antennas the sidolobos are somewhat higher, for longer antennas lower. 

The bandwidth within which the gain drops at most 3 db is between ± 10 per cent 
and ±15 per cent; below the design frequency, gain slowly decreases as beamwidth 
widens; above it, the pattern deteriorates rapidly as the main beam splits and side- 
lolx^s rise. 

By comparing Eq. (10-21) with the gain of a parabolic dish (assuming equal sidelobe 
level), th(> surfacxvwavc antenna length is found to be related to the diameter d of an 
equal-gain dish by 



(16-23) 


This “trade-off” between a broadside and an end-fire structure becomes very dis¬ 
advantageous to the latter as inc^reases, and surface-wave antennas longer than 
lOX are rarely used. This limits the gain of surface-wave line sources in practice 
to 20 db. (Arrays of line sources and end-fire area sources are practical for much 
higher gains.) 

The gain predicted by Eq, (16-21) is for feeds of the type shown in Fig. 16-7, with 
radiation patterns that are not very directive. Increasing the 
fecul directivity increases the total antenna gain. For feeds ^ 
whose radial extent is not much larger than the antenna cross F 


section, it has been found experimentally^^ that a 1- or 2-db in- I I I 1^1 

crease in the end-fire gain of the feed produces an approximately I I I IVI 

equal iiK^retise in the total antenna gain. If the feed is much -— (—>-1 

larg(ir than the antenna cross section, the gain continues to 
rise, though at a slower rate. A large horn aperture, corner 2.^ Back- 

reflector, or dish can add as much as 3 or 4 db. Structures (iieference 16.) 
of this sort are part surfacui-wave, part aperture antenna. 

The hack-Jlrv. aiit<iima, which also combines these two features, produces a gain 
about 4 db abov<j that of Eq. (16-21).“ It consists of a surface-wave line source (for 
example, a Yagi, Fig. 16-12) terminated by a flat circular plate P, which reflects the 
Hurfa(:e wave launc-Iuid by the feed back toward F, where it radiates into space. Its 
radiation mcudianism is not completely understood. The optimum phase velocity is 
chosen with the aid of the solid curve in Fig. 16-10, but t in this context must be 


^eintorpret<^d tu* twice the physical antenna length t* of the backfire antenna, since 
the surfac^e wave traverses the antenna twice. Using Eq. (16-206), the relation 


between surfa(!c phase velocity and t* (for C between 1.5X and 4X) is X/X, =“ 1 + X/6-^'. 
The feed taper .should be mu<^h reduced in size or omitted. The plate diameter d is 
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related to by 




equals of t£ * P^abolic dish whose gain 

12 db down, bandwidth is at least 2n r, * ®i<i®l°bes are 

parabolic dish, the backfire antennc cheaper to build than a 

videdsidelobe^do notla^ “Werv lS^ >*<> 26 db (pro¬ 
se long as low silhouette is not a requireient."* superior to ordinary end-fire antennas 
^osign for Minimum Beamwififti 

beamwidth SW*, H-plane beamwidth BWz, SSn“o?a^rf‘°“ 

rr B, ana gain of a surface-wave antenna is 




30,000 

BW^Wk 


fere destructively with T(8) at a amalle * f«^ radiation, which causes it to inter- 
atarting the feed tlj^ 2 xJx ® “ Pig- 16-8. This is done by 

the literature are plotted in Pig* ifi-n as the solid beamwidths reported in 

marked ‘ ^eamwidth.” (Usu^v “ sohd-hne margin of the shaded region 

patterns sUghtly wider.) ^Sdelobes^SXuTl d^’T narrower, .ff-plane 

case. higher than in the maximum-gain 

gain design can be i^fed X/X *^® maximum¬ 
letting X/X. s 1.2 at the end of *i*® ^®o«i *aper, 

frartion of the total antenna length (to P in Kg 16^76)°“ fcihf 

region between P and T, X/X is phnaor, r constant cross-section 

in Fig. 16-10. If P is two-tilrltf the SsJr “ r ® region 

antenna are down at least 18 db in ti, P to T, the sidelobes of a 6X-long 

dw.c«o IL?!' “ " •!“” ■* ‘^*»' * 

cent nse m beamwidth “.>? As in tb. ^ 1.5-db drop m gam and a 10 per 

■''JL'sTb.rr-^-s "«■ ■““• 

mppra^d b, intraoin, tt, dinoavit, pattern. 

* * * “ 5- to 30-db level can be achieved with¬ 

out re^rting to feeds that are much larger 
tnan the antenna cross section. 

By tepering more sharply near F, then 
flattenmg out gradually to a value of X/X, 
close to 1 at T, the P-plano sidelobe level can 

width then he on the dashed margins of the 
shaded bands in Pig. ig-n. (No precise 
esign mformation is available on this tech- 
mqu^) A further reduction to 30 db in 
placing parasitic side rows on either side sidelobe level is achieved by 

row length P is slightly long^th“ XA ^hesidc- 

Eq. (16-206)], and the spacing d is optimum whLthptiT^^ as on the center array [use 
contour of. the surface wave L the ceX Jrt^ Ir ^uTk^ 1 

t =0.25 


F 

0 


■l 


• . 

k- 


4 '- 


i^v^’ side rows for sido- 

lo^ suppresa^on m one plane (top view: 
dote mdicate dipoles, or monopoles above 
a ground plane). 
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The gain is the same as for a maximum-gain design [Eq. (16-21)]. To reduce side- 
lobes in all planes, parasitic side rows would have to be placed all around the center 
array. 

Design for Broad Pattern Bandwidth. “ The ±15 per cent bandwidth of most 
surface-wave antennas can be extended to as much as ±33 per cent (2:1) at the cost 
of a 2-db gain decrease from optimum at mid-frequency. At the feed, the mid¬ 
frequency value of X/Xj should be 1.4. A uniform taper extends from the feed to the 
termination, as shown in Fig. 16-la. At the low-frequency end of the band, gain and 
beamwidth lie close to the solid margins of the shaded strips in Fig. 16-11; at the high- 
frequency end, close to the dashed margins. Thus gain is constant within ± 1.6 db 
and beamwidth within ± 15 per cent. On a structure 13.5X long at mid-frequency, 
sidclobes were down at least 11 db throughout the band.^® 

The bandwidth figures just quoted apply to the polyrod (e — 2.66) and to all sur¬ 
face-wave antennas whose dispersion curve (variation of X/X* with frequency) resem¬ 
bles that of the polyrod. The data presented in Sec. 16.4 show that dispersion 
increases with increasing dielectric constant; dielectric rods with e < 2.66 are therefore 
more broadband and rods with e > 2.56 less broadband than polyrods. The disper¬ 
sion of artificial dielectrics varies; corrugated surfaces are comparable with polyrods, 
Yagis are considerably more dLspersive (precise bandwidth figures not known). 

The input impedance of most surface-wave antennas is slightly capacitive and 
changes slowly with frequency. A tapered dielectric section in waveguide (Figs. 
16-la and 16-76) provides good matching over a 2:1 bandwidth if 1.5X long at mid- 
frequency, and over a smaller bandwidth if shorter. To minimize the VSWR, an 
inductive iris is placed close to the insertion point of the rod. Equivalent techniques 
apply in the case of antennas other than dielectric rods, and input transmission lines 
other than waveguide. 

Feeds. Design principles of feeds and feed tapers for optimum gain, sidelobes, 
and bandwidth have already been stated. Specific structures will now be described. 

In Fig. 16-7a, the feeder and reflector monopoles arc spaced 0.2X apart, hr = 0.23X, 
and hf - 0.21 X.i» These figures apply to 5 = 0.048X; if the elements are thicker, 
they must be made slightly shorter. The backlobc is between 12 and 15 db down. 
By replacing the reflector monopolo with a scmicdrcular plate (radius = K) or a 
small corner or parabolic reflector (height = K), one increases the gain of the feed 
by at least 1.5 db, and therefore (sec above) the total antenna gain by approximately 
the same amount. The sidelobes are decreased by at least 2 db; the backlobc is 
25 to 30 db down. 

To couple from the dominant mode in rectangular waveguide, one replaces the 
feeder monopolc by a metal half ring*® (Fig. 16-14a); the excitation efficiency of this 
feed, with semicircular reflector plate, is around 80 per cent. Another, slightly less 
efficient but simpler, waveguide feed uses two or more slots to couple into the surface- 
wave structure. The waveguide should be diclcctric-loadcd so that its phase velocity 
approximates that in the surface-wave structure, and the slots arc spaced about a 
quarter wavelength apart in the dielectric. Instead of cutting slots, the entire broad 
face of a dielectric-filled waveguide can be opened (Fig. 16-145); by tapering the 
height of the waveguide over the appropriate length, feed and feed taper can be com¬ 
bined in a single design. In low-power applications, strip lines <^an be slot- or dipole- 
coupl(^d to the autenna.^i In the absence of the ground plane one uses a center-fed 
dipole (coaxial input with built-in balun, Fig. 16-14c) or a folded dipole (usually 
preferred with two-wire input). 

The coaxially fed metal cap (Fig. 16-14d), popular as a dielectric-rod feed or 
cigar ”-antenna feed at UHF because of good efficiency combined with mechanical 
strength, forms the transition between feed typos a and b of Fig. 16-7. Type h can 
handle much higher power than type a. In Fig. 16-76 the waveguide can be rectangu- 
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^ suitable for 

Yagi or c^ar-antenna excitation, is shown in Pig. 16-14e. If the horn aperture is 
considerably larger than the antenna cross section (Fig. 16-14/) the surface wave 
structure sho^d st^ wdl inside, and it is in fact desirle to M. lo^ZZ 

to ^ (Theoretical work shows that, 

®®«ieut surface-wave exciters,” but if the 

Chl^’mlpT^ Ttf collimated—the design can be based on 

Chap. 10—a large total antenna gam will be produced.) 

Patterns t^t closely approximate the sin {/f shape have been obtained by flaring a 
pM^d wire mto a 60 V ^g. I6-14j),« or by running an unflared parallel wire Headed 
with transverse wire stubs to reduce phase velocity) alongside the antenna;” both 



(b) 




oiliiiiii 


(g) 
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(h) 


(i) 


Sltoence'so anteima feeds: (a) Semicircular wire coupled to waveguide. 

§ Spole f d reflector todw^. (R^erence*T) 
(p) ParaUel-wire (distribute^ tod.°"Storacr^1® («'Ftoed^t** (^> 

i ...»“4S2„r (Ssrsr 

® of type are called 

“d of Se continuously from one 

slab^” Th!!^ dJr ^a'upl®. a waveguide slot-coupled to a dielectric 

ener^ flow atofT® T principally because 

nreetofnlf “n ^ ° ^oh closely coupled waveguides is diflScult to control. If 

t^m to th? end fiTT surface-wave antennas and 

or a corrugated surfaces are fed by placing a slotted waveguide 

alongMde, or a hoghom, or a horn with correcting lens (Chap. 14). The last is fre- 
transv^e standing waves, which produce sidelobes in azimuth 

f>o center-fed with a simple 

onopole feeder, its eflaciency of excitation turns out to be higher than with iLe 
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sources. A higher-gain feed is shown in Fig. 16-14f, where the coaxial input is excited 
in the TEM mode for vertical polarization on the disk and in the TEoi mode for hori¬ 
zontal polarization. A completely flush installation could be achieved by coupling 
through two or more annular slots. All the arrangements previously described for 
line sources can be carried over, and the optimum design principles for feed and feed 
taper still apply. 

Special feeds for circuilar polarization and scanning are mentioned at the end of this 
section. 

Arrays of Line Sources. Yagis, dielectric rods, and other surface-wave line sources 
can be arranged in a plane or volume array. The surface-wave illumination in the 
terminal plane of a plane array is scalloped (Fig. 16-16a), the overlapping dotted 


X 



H “ h 


(a) (b) 

Fio. 10-15. Two-dimensional surface-wave antennas: (a) Array of line sources. (5) Area 
source. (Transverse cross sectioiia.) 

circles representing the 25Hib contours of the transverse field decay. Assuming 
identical end-fire elements and negligible interaction between them, the array gain 
is the sum of the individual gains 0, Letting n be the number of elements and using 
Eq. (16-21), 

G. = »G S lOn ^ (16-24) 


Interaction between adjacent elements is found to be negligible if the crossover is at 
about the 12-db contour; tho minimum separation d is therefore [Fig. 16-36 and Eq. 
(10-206)1 

-S0.5\|| (16-250) 

X ’X 

Tho exact value depends on tho polarization (coupling is less in the E than the H 
plane) and on tho direct coupling between feeds. Too close a spacing produces a 
loss in gain. An upper limit on the spacing is obtained by requiring that the fcrst 
principal Bidelohe of tho array pattern be strongly attenuated through multiplication 
with the clement pattern. Tho angle with end fire of the array sidelobo must there¬ 
fore be at least that of tho first minimum in the element pattern, a criterion that 
corresponds to a crossover of about 22 db, or a maximum separation 

(16-266) 

The principle of pattern multiplication, which has just been invoked, is useful only 
for a first design, since the element patterns arc somewhat distorted by the presence of 
the other elements. Tho optimum spacing, which lies somewhere between the d/\ 
values given by Eqs. (16-25), must therefore be found empiricaUy. ’ 

The bcamwidth BW, ia the plane of the array (azimuth) xs approximately 




(16-26) 
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Sidelobes can be reduced by tapering the amplitude at the feeds. In the elevation 
plane, beamwidth and sidelobes are controlled by the element pattern. The band¬ 
width is less than for individual elements, probably about ±6 per cent. 

Low-silhouette requirements often force the choice of a horizontal plane array of 
end-fire elements in place of a vertical cylindrical refiector (or rectangular mattress 
array). The trade-off between them, assuming equal gain and sidelobes and equal 
Width in the y direction (Fig. 16-15a), is 

i-iiy (16-27) 

[of. Eq. (lfr-23)], where 1 is the length of the end-fire elements and h the height (in the 
X direction) of the equivalent reflector or broadside array. Because of space limita¬ 
tions, the line sources cannot always be equal in length. Equation (16-24) is then 
inapplicable, but the spacing between elements is stiU controlled by Eqs. (16-26). 

A volume array of end-fire elements occupies almost as large an area in the transverse 
(.xy) plane as the dish it replaces and has advantages in terms of transportability, 
ewe of weetion, and min im u m weight needed for mechanical strength against certain 
tods of stresses. SpiUover is more easily controlled than with a conventional dish, 
but fflddobe control becomes more difficult and the bandwidth is much narrower. 
In the design of these arrays, the number of end-fire elements can be reduced by 
mcr^ng thek length; according to Eq. (16-24), » =. (?x/104 This relation clarifies 
the trad^ff between an end-fire volume array and a broadside mattress array of 
dipoles: though one cannot increase the total gain by replacing the dipoles with higher- 
gam end-ffie elements, one can reduce the number of elements (and thus of separate 
feeds) while keeping the gain constant. 

Arrays of end-fire elements can be fed in cascade from a common transmission line 
(like slots m waveguide), but a corporate feed structure (branching transmission lines) 
produces better bandwidth. 

Area sources are usually rectangular or circular (Fig. 16-2d). The terminal-plane 
lUumination, sketched in Fig. 16-166 for the rectangular case, is smooth. With w 
the width and 4 the length of a rectangular area, the gain Oa is 




(^suming^ 11-db sidelobes). Beamwidths are given by Eqs. (16-22) and (16-26). 
Sidelobes in azimuth are those of the feed. Bandwidth is better than for arrays of 
Ime sources. Equation (16-27) still describes the trade-off with a cylindrical reflector 
of the same width and gain. 

The gto of a circ^r disk (diameter 2r) is approximately 4.6 V^x. Beamwidth 
in elevation is 60 yxA degrees; in azimuth the pattern is omnidirectional. Sidelobo 
Iwel m elevation is controlled as in the case of a line source. Bandwidth is at least 
20 per cent. The trade-off between disk diameter and height h of an equivalent l Yinl 
Ime source is 2r/X ^ (fc/X)>, which is of the same form as Eqs. (16-23) and (16-27). 

In a comprotoe between a plane array of end-fire elements and a continuous area 
^urce, the end^e elements are sometimes spaced much closer than prescribed by 
Eq. (1^250). The element pattern is then appreciably distorted by scattering from 
he neighboring elements, and the amplitude and phase distribution at the feeds, 
calculated to produce a prescribed pattern, must be modified by trial and error to 
produce this pattern in fact. 

The elevation pattern of area sources can be controlled to some extent by placing 
them on a finite and curved ground plane (see below). 
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Effect of Finite Ground Plane on the Radiation Pattern. Vertically polarized 
surface-wave line or area sources are often mounted on a ground plane whose toite 
length g (Fig. I 6 -I 60 ) distorts the antenna pattern in two ways: by tiltmg the beam 
through an angle ^ away from end fire and by broadening it to a half-power beammdth 
BW. The tilt is maximum when j = 0 (no ground plane in front of antenna). 




degrees 


(which is a full half-power beamwidth BW of the unperturbed pattern); the beam 
then broadens so that the 3 -db level lies in 
the end-fire direction, and BW* is slightly 
over twice as wide as the unperturbed 
BW (Fig. 16-166 and c). The tilt can be 
reduced by slowing the surface wave down 
from its infinite-ground-plane optimum, 
but this increases sidelobes and decreases 
gain. The gain, on the other hand, is 
optimized by speeding the wave up, at 
the expense of increased tilt.®^ 

As Q increases, the beam tilt de¬ 
creases: when ^ =0.7^inax; Q “ 3-^, 

^ ^0.5^ma*; g “ 20^, ^ ^ 0.2^max—a Very 
gradual approach to the infinitc-ground- 
plane condition. The beamwidth ap¬ 
proaches the unperturbed value more 
rapidly: when g ^ ^W* ^l.25BW^^ 

Modifying the surface-wave velocity again 
has an opposite effect on beam tilt and 
gain. 

If no beam tilting or loss in gain can be tol¬ 
erated, flush mounting must be abandoned 



Fig. 16-16. Effect of finite ground plane on 
the radiation pattern of an ond-fire an¬ 
tenna; (a) Finite ground plane. (6) 1 at- 
tern on infinite ground plane, (c) Pat¬ 
tern in absence of ground plane, (d) 
Antenna on curved ground plane. 


in favor of a full-size structure (ped-mountod to reduce drag, if nectary). A 1ms 
drastic remedy is to reduce the tfit angle, at a small cost in gam, by bending the 
antenna and ground plane into a cylindrical or spherical “cap.”«-« The ouiwature 
producM an attenuation in the surface wave, which can be enhanced by tapering the 
Ltenna along its entire length (Fig. 16-16d). If the total attenuation is such that 
about 60 per cent of the power has leaked off before the surface wave reaches the 
termination, the tUt angle wfil be reduced to near zero no matter how short the 

^"^Betm-s^ping Techniques. A finite, fiat ground plane can bo used to advantage 
when a tilted beam is desired. With g - (, for example, the tilt angle ^ is somewhat 
smaller than the sidolobc level is low, and the gain only slightly loss than optimum 

for that antenna length. ^ i 

The leakage attenuation caused by bonding the antenna not only brings the beam 
down closer to end fire but also fills in the nulls of the elevation pattern. By also 
tapering the antenna and by varying g and bending the ground plane (Fig. IG-lOtt), 
cosecant-squared or other shaped patterns in elevation can be closely approximated. 

Beam-shaping methods are seen to be rather limited and largely based on cut-aud- 
try procedure. Attempts to synthesize a prcsc.ribod pattern by varying the surface 
impedance along the antenna, and thus generating an entire spectrum of surface and 
leaky wavM (“modulated” surface waves), have not yet borne fruit for the engineer. 
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Polariation. The HE„ mode on a dielectric rod or other 
tiwS «linearly polarized in a plane fixed by the orienta- 

meclijini 71* 16 - 4 c). The plane can be rotated by turning the feed 

mechanically or by usmg a ferrite rotator.^ 

leMt^t^oS^rS*'^ “ f»y structure that is symmetric in at 

teMt two orthopnal planes—dielectric rod, cigar antenna, array of crossed dipoles- 

By changing feeds, left- and right-hand drcular 
S hX be obtained from a single stricture. 

mo^« nr^ “ * surface-wave antenna when operated in its axial 

S wMcTthlT 1*^ pattern whose handedness depends on the sense 

m which the hehx turns. Twisting a Yagi«^ or any other line source through iS 

conHHi** phase velocity satisfy the Hansen-Woodyard 

cC^ tv.? J described whose parameters can be 

chosen so that the surface will support a TM and a TE mode with identical phase 

velocities. By exciting these with equal ampli¬ 
tude and a phase difference of 90°—the feed 
design is rather involved*^^—a circularly polarized 
end-fire pattern is produced.® 

Scanning. Arrays of line sources can be 
scanned mechanically by rotating the array 
as a whole. Because of the directivity of the 
element patterns, electronic scanning by phase 
shifting between feeds in an array is necessarily 
confined to small angles.” [If each element could 
be tilted about its feed point (Pig. 16-17a),8® the 
combined electromechanical scan angle would be 

of Eos Hfi 1 w+i, - 4 . 1.1 i though still limited by the requirements 

W suitable ferrite components in the feed lines, beam switch¬ 

ing or lobing and circular or spiral scan can all be accomplished ®® 

by scanning the line-soui-ce feed; to keep the 
antenna l^^h mdependent of scan angle, the area can be shaped as in Pig 1^176 

tZiZ? •*">*?* frequency^canned over ±30» with no 

defloration m its low-sidelobe azimuth and shaped elevation pattern ” 

w? !“ be constructed in the form of a 

f I a TM surface wave.« Excited near its rim by a rStting 

ed of the type shown m Pig. 16-146, this lens can be scanned 360° in azimuth with 
modest control over the beam shape in elevation. ’ 

16.4. SimPACE-WAVE ANTENNAS: SPECIFIC STRUCTUSES 

thte Structures are presented in 

f ^ ^ information in Sec. 16.3, which is applicable 

to all surface-wave antennas, will be repeated here. Line sources are listed before 

s®^®ral values of relative dielectric constant ., 
ranging from 2.66 (polyst^ene) to 165 (a calcium titanate ceramic). Hard low-loss 
high-tempef ure materials are of special interest, for example, fused quartz (e sii 3 7l’ 
pyraceram (. S6.6), and alite (an aluminum oxide, very durable, .2 8 25) ~ ' 

The dielectric-loss tangent S, which is temperature-dependent, produces a plane- 


(a) (b) 

Fig. 16-17. Scanning of surface- 
wave antennas: (a) Mechanical 
rotation of individual line-source 
elements, (h) Electronically 
scanned area source (F is the linear 
feed array). 
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wave attenuation 

aX = 's/e tan 5 

in an infinite medium, but since a large fraction of the surface wave propagates outside 
the medium, the surface-wave attenuation is smaller. For X/X, = 1.2, a* ^ 0.7a; 
for X/Xa = 1.03, a* = 0.1a. 3“ So long as 5 is smaller than 10”®, the loss will therefore 
be less than 0.1 db per wavelength. Recent data on long Yagis^® indicate that 
for X/Xg near 1, loss in artificial dielectrics is likewise negligible, provided all joints 
are firmly press-fit or soldered and the metal is of high conductivity. As the corruga¬ 
tions or dipole elements approach resonance, X/X* increases and ohmic losses rise 
sharply. A typical figure for loss in a 
6 X-long dielectric rod or Yagi is 0.5 db. 

(Since the maximum-gain curve in Fig. 

16-11 is based on experiment, the effect 
of ohmic loss is included.) Surface-wave 
losses can be measured by the resonator 
method. 

Because at low frequencies the metal 
elements of artificial dielectrics can be 
constructed of slender poles and chicken 
wire, they weigh far less than solid dielec¬ 
trics. Large ground structures at UHF 
or below arc therefore invariably artificial 
dielectrics. In the microwave range, the 
choice of medium depends on mechanical 
strength, temperature behavior, erosion 
resistance, and cost; ordinary dielec¬ 
trics—some of which can be cheaply 
molded into cavities recessed in the skin 
—arc usually preferred for flush airplane 
or missile installation. 

Dielectric Rod^.w.io, jo,86,39.42-47 (termed 
^^polyrod” and erred” when made of 
polystyrene and ferrite material, respec¬ 
tively). See Fig. 16-18a for phase velocity 
as a function of rod diameter. The 
higher the dielectric constant, the thinner the rod (for a given gain) and the lighter 
therefore the weight; also, however, tlic larger the dispersion and therefore narrower 
the bandwidth. 

Modes higher than the fundamental HKii cannot propagate provided d/X < 
0.r)26/\/i. The first two higher modes, TIOoi and TMoi, produce a null in the end- 
fire direction. 

Cross sections other than circular are often useful. To a good approximation,®® the 
phase velocity depends only on the cross-section area A, and Fig. 16-18a therefore 
remains valid if d is replaced by 1.13 V3- Sliced in half along the plane of electric 
symmetry (Fig. 16-4c)—^which does not affect the phase velocity—a circular or 
rectangular rod can bo placed on a ground plane (“diclcctric-iinago line,” Fig. 16-19a 
and 6); when recessed for flush mounting, this structure is called the “dielectric 
channel guide” (Fig. 16-19c). Another variant, the dielectric tube,^^ has also been 
studied, but appears to have no advantages over ordinary rods. 

Mallach^® found that for optimum design, the rod diameter at the feed end of a 
linearly tapered dielectric rod should be du^x/X ^ [7r(e — 1)]”5’^ and at the termina- 



X 



Fig. 16-18. Dielectric rod: (a) llolativo 
phase vclocity*®’**”^^ (in case of noiicircular 
cross section, replace d/\ by 1.13 \/a/X). 
(h) Conventional feed. {Courtesy of 0, C. 
Southworth and D. Van Noslrand Company, 
Inc.*^) 
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tion, (2min/X = [2.57r(€ — In the range 2.6 < « < 20, this rule corresponds to 

letting X/Xg at the feed be roughly equal to 1.1 and at the termination to 1.0. The 
resulting patterns are often adequate but can be improved by using the methods 
described in Sec. 16.3. 

A rough approximation to the rod pattern, due to Zinke,^® consists in multiplying 

the sin f/f pattern shown in Fig. 16-8 by 
the factor cos l(ird/\) sin 0] (but the pre¬ 
dicted sharp nulls do not in fact exist). 

Figure 16-186 shows details of a conven¬ 
tional feed that has proved itself in practice. 
Other feeds are illustrated in Figs. 16-7 and 
16-14. In the case of waveguide feeds, it 
has been found desirable, “ both for snug 
fitting and sidelobe suppression, to wrap 
dielectric tape around the feed point or, equivalently, to let the diameter of the wave¬ 
guide feed be slightly smaller than that of the dielectric rod at the feed point, as shown 
in Fig. 16-76. If e > 8, the rod can be fed over a narrow band by direct insertion in 
the narrow side of a waveguide, or in a cavity.®® 

Dielectric Channel (Fig. 16-19c). Two modes are of interest, a verti¬ 

cally polarized one that is a deformation of the HEu rod mode, and a horizontally 
polarized one. The phase velocity of the vertically polarized mode is very slightly 
faster in Fig. 16-19c than in Fig. 16-19a or 6. The mode may be slightly leaky (small 
attenuation in axial direction), but this is not known with certainty. The structure 






TZZZZr 


(a) 


(b) 


CO 


Fig. 16-19. Dielectric image lines and 
channel guide: (a) and (6) Image lines 
(identical X/X, if cross section, areas are 
the same), (c) Channel guide. 
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Fig. 16-20. Relative phase velocity on ITagi antenna. {After Ehrenspeck and Poehler^^ 
and Frost,^*) For meaning of parameters, see Fig. 16-7a. 

can be viewed as a chaxmel of the type shown in Fig. 16-26, but with most of the side- 
walls removed. The phase velocity is then determined as follows: we rewrite Eq. 
(16-56) in the form 



where X/X, is the relative phase velocity on an infinitely wide slab-on-metal, as given 
in Fig. 16-24c. Removal of the sidewalls above the dielectric-air interface appears 
to have negligible effect on the phase velocity*^ and, at least so long as X/X* > 1 
{w not too narrow), introduces little if any leakage attenuation. 

The horizontally polarized mode is the lowest-order TE mode in the channel of 
Fig. 16-26 (slightly perturbed by the removal of most of the sidewalls), which in turn 
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is identical with the lowest-ordcr TE mode on a dielectric slab-on-metal (solid curves, 
Fig. 16-24d). 

The dielectric-filled channel also supports leaky waves, and care must be taken not 
to choose parameters that allow these to be excited (Sec. 16.8). 

(sometimes referred to as ‘Madder” arrays). Figure 16-20 shows 
that the phase velocity is controlled by adjusting spacing, height, and diameter of 
the monopole elements. The dispersion is more pronounced than on a dielectric rod, 

and the best-reported bandwidth (within 
which the gain drops no more than 3 db) 
is only ±10 per cent; this can perhaps 
be improved by application of the broad¬ 
band design method described in Sec. 
16.3. The bandwidth of an array of 




Yagis is at best ±5 per cent. 

The curves in Fig. 16-20 apply to the 
row of monopoles shown in Fig. 16-7a 
and equally to a row of dipoles (element 
height 2h). A center boom for mount¬ 
ing the dipole elements has negligible 
effect on the phase velocity provided the 
total dipole span 2h includes the boom 
diameter. Yagis can be photo-etched 
on a copper-clad dielectric sheet ;®^'®® 
since the dielectric slows down the wave, 
the element height needed to produce 



D-d 
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Ca) 


(b) 


Fig. 16-21. Relative phase velocity on cigar Fio. 16-22. Zigzag antennas: (o) XJnbal- 
antenna. {After Simon arid WeUlM) ancod (above ground plane).®® {b) Bal¬ 

anced {R reflector, two-wire lino feed con¬ 
nects at F). (Reference 67.) 


a given phase velocity is less than indicated in Fig. 16-20. 

Sec Sec. 16.3 for variants of the Yagi that produce very high gain (the '‘back-fire” 
antenna, Fig. 16-12) or very low sidelobes (Yagi with parasitic side rows, Fig. 16-13). 
For circular polarization, Yagi elements can be shaped in the form of a cross. 

Cigar Antennal*-®* (Fig. 16-21). Metal disks mounted on a central metal boom 
support an HEn mode that closely resembles the Yagi mode. An 80X-long cigar 
produced a gain of 28 db. Just as in the case of the dielectric rod, the polarization 
may be linear or circular. 

Zigzag Antenna®^'®® (Fig. l(>-22). This antenna is a projection of the helix on a 
plane. No curves are available that relate the parameters to the relative phase 
velocity. An analysis bascid on regarding the antenna as an array of V elements 
results in the requirement 


a 


smg 


«/x 

1 + s/X 
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X 

(b) 

Fig. 16-23. Waveguide-loaded alot array: 
(a) Antenna structure (bottom plate not 
needed if d > w). (b) Relative phase 

velocity, assuming six or more slots per 
wavelength in »-direction, and zero top- 
plate thickness. (From Hyneman and 
Hougardy.^*) 


The bandwidth of the unbalanced zigzag*® 
is reported to be ±5 per cent; of the bal¬ 
anced zigzag,*^ ±25 per cent. 

Waveguide-loaded Slot Array®® (Fig. 
16-23). A vertically polarized wave propa¬ 
gates along nonresonant slots that arc loaded 
by below-cutoif waveguide (w < X/2; height 
of waveguide not critical but should be >w). 
This antenna is easily arrayed into an area 
source, as shown, and in this form closely 
resembles a corrugated surface. It could be 
fabricated by stretching transverse wires 
across longitudinal metal vanes. 

Dielectric Sheets and Panels.®'®*®®”®^*®®”®® 
Because of the imaging properties of verti¬ 
cally polarized waves, the lowest-order TM 
mode on a dielectric sheet-on-motal is iden¬ 
tical with that on a panel of twice the sheet 
thickness (Pig. 16-24a-c). This wave has 
no cutoff frequency; its properties are dis¬ 
cussed in Sec. 16.2, and Fig. 16-4 shows the 
field configuration. 

The lowest-order horizontally polarized 
wave on a dielectric sheet-on-mctal pro¬ 
duces a null in the end-fire direction and 
has a cutoff (solid curves, Fig. 16-24d). On 
a panel, on the other hand, the lowest-order 
horizontally polarized wave produces a 
maximum in the end-fire direction and 
has no cutoff (dashed curves. Fig. 16-24d). 



(0) (b) 



(c) (<J) 

Fio. 16-24. Diolectrio sheets and panels: (o) Sheet-on-metal, (b) Panel, (c) Lowost- 
order TM mode on sheet or panel, (d) Lowest-order TE mode on sheet (solid curves) 
and panel (dashed curves). 
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(The next higher TE mode on the panel is identical with the lowest TE mode on the 
sheet, but because of the end-fire null it is not a useful mode.) 

In designing tapered sheets on metal, a flush air-dielectric interface can be main¬ 
tained by contouring the depth of ground plane. Good contact between dielectric 
and ground plane is needed, since air spaces 
affect the phase velocity.® 

Circular dielectric disks®* and spherical 
caps**'®^ are useful as omnidirectional bea¬ 
con antennas. For design principles, see 
Sec. 16.3 (paragraphs on effect of finite 
ground plane on the radiation pattern and 
on beam-shaping techniques). Rgure 16-24c 
and d is still applicable, since X/X* is only 
slightly affected by a decreasing radius of 
curvature. The leakage attenuation has 
been calculated by Elliott.®* Patterns pro¬ 
vide good null filling to 45® off end fire and 
have a bandwidth of ±8 per cont.®< 

Circular (or cross) polarization, as men¬ 
tioned in Sec. 16.3, can be produced if the 
surface-wave structure supports a TM and 
a TE wave with identical phase velocities. 

One example is the two-layer dielectric 
shect,®'®^ illustrated in Fig. 16-26a for the 
case in which the lower layer is air. Given 
X/X„ Fig. 16-256 prescribes the layer thick¬ 
ness (with e = €i/€o as a parameter). An¬ 
other, structurally superior example is the 
simple-layer dielectric in which longitudinal 
metal vanes are embedded that short out 
the vertically polarized mode while leaving 
the horizontally polarized one unperturbed 
(Fig. 16-25c). The TM wave therefore 
“sees” a thinner sheet than the TE wave, 
and for a pre.scribed X/X*, Fig. 16-24c and 
d gives the values (in first approximation) 
of the vane height and total layer thickness. 

For details, see Hansen.®® 

Corrugated Surface.®®'®®-®^-®^.®®-®®-®® The 
grooves in Fig. 16-6 can be filled with a 
medium of dielectric constant €, but to keep 
X/Xb unchanged, they must in that case be 
made shallower, in the approximate ratio 
Ir-s/l, than in Fig. 16-26. The fabrica¬ 
tion of a corrugated surface is expensive at 
microwave frequencies, and a waveguide- 
loaded slot array (see above) may be a more 
economical choice; at lower frequencies, 





(0 

Fia. 10-25. Circular (or cross) polariza¬ 
tion on dielectric sheets: (a) A simple 
double-layer structure. (6) Parameter 
combinations (with c «■ ei/eo) that allow 
(o) to support a circularly polarized sur¬ 
face wave with X/X« between 1.02 and 
1.40. (From Plummer and Hansen.^*) 
(c) Longitudinal metal vanes embedded 
in dielectric. (Reference 05.) 

the corrugated surface is relatively cheaper since it can consist, for example, of a row 
of chicken-wire fences. 

This structure is less dispersive, and therefore more broadband, than a Yagi. As 
described in Sec. 16.3 (Fig. 16-176), it can bo frequency-scanned in azimuth. 

Combined with its mirror image, the corrugated surface becomes a series of teeth 
of height 2h (“sole” antenna®®); Fig. 16-26 is still applicable. 
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Pin-bed Antenna (“Fakir’s Bed”).^® The curves in Fig. 16-27 assume that the 
pin spacing s is the same in the z and y directions and that there arc several pins per 
wavelength; the surface is in that case isotropic. If embedded in dielectric, the pins 
must be made shorter than in Fig. 16-27. 



\ 


Fio. 16-26. Relative phase velocity on 
oorrugatcd-mctal surface; for meaning 
of parameters, see Fig. 16-6, with 8 = 
t + g. (After Reyrholda and Lucke^^ and 
Hurd.^*) 



h_ 

X. 


Fig. 16-27. Relative phase velocity on pin- 
bed antenna. (After QueridoJ^) 


16.6, STJRFACE-WAVE-EXCITED ARRAYS OF DISCRETE ELEMENTS: 

DESIGN PRINCIPLES 

The array of dipoles proximity-coupled to a two-wire line (Fig. 16-16) has much in 
common with a nonresonant slotted waveguide. Both antennas are arrays of discrete 
elements excited by a traveling wave, one in shielded, the other on open waveguide. 
Both produce shaped patterns or narrow beams directed at any angle (other than 
broadside, where the cumulative impedance mismatch of the slots or dipoles is pro¬ 
hibitively high). Design techniques therefore closely follow those in Chap. 9. 
Rarely competitive with waveguide slots in the microwave range (because less suit¬ 
able for high-precision design), surface-wave-excited arrays of discrete elements are 
most useful at lower frequencies, where waveguides are too bulky; they may also find 
application in the submillimeter range, where waveguides are too small. 

Direction of Main Beam. As with slot arrays, successive radiating elements can 
be placed so that they are excited with the phase of the traveling wave, or with an 
additional phase difference of 180° (“phase reversal,^’ Fig. 16-16). Assuming con¬ 
stant phase progression along the array and constant (or moderately tapered) ampli¬ 
tude and using simple array theory (Chap. 2), we obtain for the direction of the main 
beam, without phase reversal, 


cos ^ - 7 m (16-28a) 

Aj o 

and with phase reversal, 

cos 9. = ^ ^ (n + M) (16-286) 

where 9 is the angle off end fire, s the spacing between elements, and m or n = 0, 
1, 2, ... the order of the beam. The spacing must be small enough so that no 
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secondary principal lobes appear at real angles. The position of the principal lobes 
nearest the main lobe is found by replacing m by m + 1 and m — 1 in Eq. (16-28a) 
[and likewise for n in Eq. (16-286)]. As s increases, principal lobes appear first in 
the end-fire or back-fire {6 = 180°) direction; they will not appear provided their 
angle is imaginary, or’^ 


1 


X ”• 1 -I- |C0S Bm\ 


(16-29) 


(and likewise for n), where the equality sign holds only if the element pattern has 
nulls along the array axis. According to Eq. (16-29), the maximum permissible spac¬ 
ing increases from X/2 at end fire and back fire to X at broadside. 



END FIRE BROADSIDE BACK FIRE 

B ->- 

Fig. 16-28. AiirIc B botwocn main lobe and array axis of an array of discroto oloments 
spaced «/X apart and excutod by a traveling wave with rtdativc phaw*. velocity X/X*. Curves 
marked m arc for identical coiiHccutivc elcmoiits, n for alternatc^ly phaHC-revcrsed elements 
[Eqs. (16-28)]. Range of curves satisfies Eq. (10-20) (no other principal lobes). The 
curves m ■■ 0 and n =■ 0 apply also to leaky waves (Secs. 10,7 and 16.8). 

Because of mutual coupling between elements and to save on the total number in 
the array, we usually impose 8 > X/2 as a lower bound. 

Figure 16-28, which combines Eqs. (16-28) and (16-29), shows the dependemsc of 
main-beam angle on X/X, and on the permMhle spaedngs. [If ni =* 0 in Eq. (l()-28a), 
8 is arbitrary except for its upper bound, which is cxiilicitly indicated in Fig. 16-28.] 
It is seen that, provided X/X, and s/X values can be freidy assigned, the rn = 0 mode 
of operation allows the main beam to be positioned anywhere between end fire and 
broadside and all other modes anywhere between end fire and back fire. Very slow 
and very fast traveling waves, however, arc not easily realized, so that usually X/X, lies 
in the vicinity of 1. In that case, the w ■= 0 mode is useful only for near-end-fire 
radiation (e.g., trough guide with periodic discoiitinuitii^s that arc not phase-reversed, 
Sec. 16.6); the w = 0 mode, only for near-broadside radiation (e.g., phas(*-reversod 
dipoles. Fig. 16-lh); and the m »= 1 mode, for radiation from near broadside all the 
way to back fire (e.g., proximity-coupled dipoles that are not phase-reversed). Higher 
modes of operation require X/X, to be well above 1 (very slow waves), and no practical 
applications are in fact known for m > 2 and a > 1. 

If X/X, « 1 and « = X/2 (no phase reversal), Fig. U)-28 shows that two main beams 
arise, one end-fire (w = 0), the other back-fire (m =» 1). To suppress one of these. 
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the element pattern must have a null in the unwanted direction. A suitable element 
for end-fire radiation consists of two identical sources spaced X/4 apart on the surface- 
wave transmission line; these radiate a cardioid pattern with a null at 0 = 180®. An 
end-fire array of such elements is therefore simply an array of identical sources spaced 
X/4 apart. 

As in the case of slot arrays, the surface-wave-excited array can be made resonant 
by terminating it with a short. To hold the variation of input impedance with fre¬ 
quency to a minimum, such an array is usually center-fed. Figure 16-28 is still 
applicable, but two beams are now produced, one at 6 and the other at 180° — 6; 
at broadside these merge into a single beam. 

Control of Aperture Distribution. Although in general a four-terminal network 
is needed to represent a transmission-line discontinuity, a shxmt conductance usually 
suffices, especially if the axial dimension of the element is much smaller than X or if 

the element is resonant. The conduct¬ 
ances must be so chosen as to produce the 
amplitude distribution prescribed over the 
array. The normalized element conduct¬ 
ance Qi « Gi/Ye (Fo is the characteristic 
admittance of the matched transmission 
line, Fig. 16-29) is much smaller than 1 if 
there are many elements in the array (array 
length / ^ X). We can then approximate the normalized conductance per unit 
length, Qi/i, by the smoothed continuous function g{z) [with g{zi) = Qi/s], In Fig. 
16-29, the power loss due to radiation by element i is times the power incident at i; 
in the continuous case, therefore, 

- ^ (16-30) 


hH 


Pin- ^9, 1 

t 


Tf? 


Fig. 16-29. Transmission line loaded with 
elements that can be represented as shunt 
conductances. 


The rate of power loss is also related to the smoothed amplitude distribution A (z): 


dP{z) 

dz 


aA\z) 


(16-31) 


where a is a proportionality constant. Therefore 


^(2) 


Integrating Eq. (16-31), we obtain 


aA\z) 

P(z) 


(16-32) 


— -^( 2 ) + Pin ~ ^ Jq “^*( 2 ) dz 
—Pi -\r Pin “ ® Jq A2(2) dz 


(with Pin the input power. Pi the power dissipated in the load), which on substitution 
in Eq. (16-32) gives the result 


g(zi) (in normalized conductance per unit length) 


il 

a 


AHzi) 


1 


1 - Pi/Pi= 


A>(«) dz - l‘‘ A^iz) dz 


(16-33) 


(We can also write giNII for pi/a, where N is the total number of elements.) Using 
Eq. (16-33), one plots g{z) (see, for example, Fig. 16-30) and marks the ordinates at 



SURrACE-WAVE ARRAYS: DESIGN PRINCIPLES 16-31 


the element positions The method gives good results with as few as 20 radiators, 
fair results with 10. 

Measurement of Element Conductances. With Fig. 16-28 and Eq. (16-33) the 
basic design is complete. In constructing the array, one needs to know X/Xj on the 
transmission line and also the dependence of conductance on the element parameters, 
for example, on angular orientation of the dipole in Fig. 16-16 and on its distance from 
the two-wire lino. X/X, is measured as described in Sec. 16.2, but in the presence of 
the elements, since those load the lino (usually so as to slow down the wave). 

To measure the characteristics of the element, one places it X/4 (or 3X/4) in front 
of a short and plots the input admittance on the Smith chart as a function of the 
element parameters, for example, of length of dipole when the dipole is set at a particu¬ 
lar angle with respect to the array axis. Where the curve crosses the real axis, the 
admittance is pure shunt and, since Q < Ye, the normalized conductance equals the 
inverse of the voltage standing wave ratio, g =■ (VSWR)’'^. If the elements are to be 
strongly coupled, it is desirable to make them purely shunt; otherwise, small suscopt- 
ance values arc permissible, and often unavoidable. 

The procedure just described does not take into account the mutual impedances 
between elements in the array, and their effect is usually not negligible. By arranging 
N (at least 20) identical elements on a line (chosen on the basis of the Smith-chart 
curves to be reasonably near resonance) and measuring the total insertion loss, the 
conductance can bo determined in the presence of mutual-impedance effects. Con¬ 
sider a single element placed on a lino terminated by Ye- the ratio of power radiated to 
power transmitted by this clement is 


Therefore 


P rad 
Pir 



= g 


Ptr ^ Pin — PtmI ^ Pin gPit 


SO that the insertion loss is 


Eh 

Ptr 


» i+g 


For N elements. 


10 log (1 + g) 


insertion loss in db 


(16-34) 


from which {/, called the “incremental” conductance, can be computed. 

Details of a test setup for the shorted-line and insertion-loss methods arc given by 
Montgomery.’* 

Some elements <*.an be (coupled very strongly to the surface wave, more so than 
ordinary slots to a waveguide mode; short arrays of these therefore waste less power 
in the load than slot arrays of the same length. 

For broadside radiation, elements arc needed whose equivalent circuit, like that 
of an inclined displaced slot in waveguide, is a pi network, rather than a shunt con¬ 
ductance; in cascade, these networks approximate a lossy transmission line, which 
does not allow a large reflected wave to build up oven though 8 =» X/2. Only two 
such surfa(‘.o-wave-excited elements have been studied, the “notch” in trough guide 
and the “sandwich-wire” antenna with sinusoidal inner conductor. (Sec. 16.6. See 

also Fig. 16-456 and text in Sec. 16.8.) ^ > -i j 

Array Synthesis and Beam Shaping. All the general synthesis techniques described 
in Chap. 2 are applicable to surfacc-wavc-ex(uted arrays. For low-sidelobe design, 
the method due to Taylor’* is the most useful; it allows far-out sidelobes to decrease 
more rapidly than near-in ones and requires less coupling near the load end than 
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other low-aidelobe designs. Worked-out conductance values corresponding to 25- 
and 30-db sidelobe level, and different powers in the load, are shown in Fig. 16-30.^i 
Arrays should be overdesigned, e.g., for a 30-db sidelobe level when 26 or 27 db is 
required. 



(or leaky-wave attunuation a.) for Taylor 
of normalized length z/t along array, sidelobe level, and per¬ 

centage of power dissipated in load. (Adapted from DionJ^) 


For beam shaping, techniques by Woodward, Schelkunoff, Chu, Dunbar, and 
Sletten are available; see Chap. 2. also Silver,Fry and Coward,'* Dunbar,’* and 
Slettcn et al,^’ 

Gain, BeamwWth, and Sidelobe Level of Linear Arrays. General array theory, 
M described in Chaps. 2 and 6, is fully applicable. If we assume dipole elements 
that Me transverse to the array axis, and constant amplitude illumination, the gain 
of a line source of length ^ (with N > 20) is 


(16-36) 


above an isotropic source. Equation (16-35) is independent of angle of radiation. At 
end fire, the gain can be increased by 2 db above that of Eq. (16-35) (G ^ 74/\) by 
. satisfying the Hansen-Woodyard condition (Eq. 16-20a). If 

assume dipole elements that are parallel to the array axis, 
is G ^ 2^/X at broadside and decreases monotonically 
^cro at end fire. 

The half-power beamwidth at broadside, assuming constant 
illumination, is 51 X/^ degrees; at angles other than broadside, 
but not too near end fire, / must be replaced by = /sin e, the 
geometric projection of / in the plane perpendicular to 9 (Fig. 

... 16-31). Near end fire, where this relation no longer holds, a 

smooth transition is made to the end-fire half-power beamwidth, which is 105 VUi 
degrees if X/X, = 1 and 73 degrees if X/X, is increased to its Hansen-Woodyard 
value. Details of the transition region are given by Bickmore.’® 

The sidelobe level is 13 db with constant aperture illumination but can be lowered 
drastically (Fig. 16-30). As with slot arrays, secondary lobes are produced by varia- 
tions in the element pattern; these are significant only with phase-reversed elements, 
which are alternately oriented at opposite angles or displaced on opposite sides of the 
array axis.^“ 


Fig. 16-31. Aperture 
length / and its pro¬ 
jection /p normal to 
beam direction. 
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Arrays of Line Sources; Area Sources. Two useful V arrangements of line sources 
arc shown in Fig. the line sources in (o) produce a beam between end fire and 

broadside, in (b) between broadside and backfire. The arms of the V could also be an 
array of line sources or an area source. To suppress the rmdesirable (dashed) lobe, 
a reflector plate can bo mounted a quarter wavelength behind each arm, or if that is not 
feasible, the two kinds of V can be combined 
into a rhombic arrangement. 

Surfaoe-wavc-cxcitcd linear arrays placed 
side by side—at a distance sufficient to pre¬ 
vent interaction of the surface waves (use 25-db 
contours in Fig. 16-36)—have characteristics 
similar to two-dimensional slot arrays. Mutual 
coupling between elements is serious or not, 
depending on whether adjacent elements are 
oriented broadside to each other or end to 
end. 

A single surface wave can be made to excite a two-dimensional array of discrete ele¬ 
ments. Although it has been tried to date with only one structure—the dielectric- 
image lino-excited two-dimensional slot array**® (Fig. 16-33)—the method applies to 
any open waveguide and to radiating elements other than slots. The (loosely bound) 
surface wave excites each row in phase with an illumination corresponding to its radial 
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Fiq. 16-33. Paranitic excitation of two-dimensional slot array.*®’** (fl) 
section. (/>) ArraiiK(?mcnt for broadside radiation, (c) i^rangement 
tion. (d) Pair of corresponding slots in adjacent ‘‘slipped’ columns, 
for “side-fire” radiation. 


Transverse cross 
for end-fire radia- 
(e) Arrangement 


decay [Eq. (lC-7)] and each column with a X/X, slightly larger than 1. Thus each row 
radiates broadside to itself, and each column at an angle that dep^ds on the spa^g 
of the elements and on whether they are phase-reversed or not; it is seen froni Fig. 
16-28 that this angle can bo end-fire (m = 0), between 70® and broadside (n - 0), or 
between broadside and back fire (m - 1). In combination, the rows and columns ^n 
therefore produce a largo variety of pencil beams (Fig. 16-336 and c) or fan bea^ ^ 
arc shaped in the plane. By "slipping” adjacent columns with respect to each other. 
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the beam can also be swung in the transverse {xy) plane. In Fig. 16-33d, which shows 
a pair of corresponding slots in two adjacent columns, radiation from a slot on the left 
leads radiation from its mate on the right by di cos <t> (<t> is the angle off the y direction 
in the xy plane, Fig. 16-33a) and lags by d 2 \/\z] the beam direction is then given by 

cos • tan jS (16-36) 

Figure l&-33e illustrates the case ^ 0 (“side fire,” /3 = 45°). Strictly speaking, 

arrays of slipped columns should be rhomboid in shape, as shown, but if the columns 
are very much longer than the rows, substitution of the more convenient rectangular 
shape can be expected to have negligible effect on the pattern. 

Circular Polarization. With one exception, suitable for end-fire radiation only 
(Fig. 16-34c), no circularly polarized elements have been studied. A parallel-plate 
technique that produces circular polarization from an array of 45° inclined edge slots* ^ 
might, under special circumstances, be made applicable to surface-wave-excited 
elements. 

Scanning. A mechanical change in phase velocity swings the beam through angles 
that can be read off directly by following the solid lines in Fig. 16-28. Frequency 
scanning cuts across the solid lines; Fig. 16-28 shows that, since s/\ increases with fre¬ 
quency, a given variation in X/X* produces a larger scan angle in the case of frequency 
than in the case of mechanical scanning. 

A third^ method of scanning consists in varying s/X (with a scissors-type arrange¬ 
ment) while keeping X/X, constant (“stretch” array**). If, for example, X/X, ^ 1, the 
beam swmgs from about 76° to broadside in the n » 0 mode and from broadside to 
backfire in the m — 1 mode. In practice, X/X« may be expected to increase as s/X 
decreases (elements load line more strongly), which reduces the scan angle (Fig. 16-28). 
Since the number of elements in a “stretch” array is constant, the array length, and 
thus the gain [Eq, (16-35)] and beam width, become functions of scan angle. 

In the fourth method, “amplitude” scanning** (which has not to date been applied 
to surface-wave-excited elements), the beam is moved by changing the degree of 
coupling of each element while leaving both X/X, and s/X constant. 

16.6. SUEFACE-WAVE-EXCITED ARRAYS OF DISCRETE ELEMENTS: 

SPECIFIC STRUCTURES 

Numerical values of element conductances and design details for specific surface- 
wave-excited antennas are presented in this section. None of the general design 
information in Sec. 16.5 will be repeated here. The term “surface-wave-excitod” is 
taken in a wide sense to include any open transmission lines or waveguide. The 
structures are grouped as follows: two-wire line arrays (proximity-coupled dipoles), 
strip-lme-derived arrays (sandwich wire, trough guide), dielectric-waveguide-derived 
arrays (spiked rod, stepped strip, dielectric-image-line-excited slot array, dielectric 
wafer), and two arrays excited by a beam launched from the termination of a surface- 
wave line (“surface-wave-turnstile” and “pinecone” antennas). Though they have 
not been explored in this connection, other known waveguides could equally well be 
used—any of the structures in Sec. 16.4, for example, or the dielectric channel (Fig. 
16-26), or the H guide*^ (Fig. 16-246, with vertical sidewalls erected as in Fig. lfi-26 but 
reaching from x = —ootoa; — -|- «). 

Direct feed radiation, which is negligible in the case of parallel-wire and trough- 
guide-excited arrays, can never be completely suppressed in the case of dielectric-wave- 
guide-excited arrays; in the context of the present section this is spurious radiation. 

Two-wire Line with Proxiinity-coupled Dipoles*®-®' (“Sletten” array. Figs. 16-16 
and 16-34). Similar to the low-frequency "fishbone" antenna (Chap. 6) but with 
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Fio. 16-34. Proximity-coupled dipoles: (a) Pairs of dipoles ^ 

wire line for good omnidirectional eoverago in piano transverse to array. 

Forbes.**) (6) End-fire array (spacing between dipotes and lino S 

Array for transitL fror^ 

as a function of dipole angle of rotation for antenna in Fig. i g„„„ration = X/36 
^ove wires d - 0 03X, dipole length - 0.446X, center-to-oenter wire separation = X/36. 
(^<er Beam et al") (/)*^ Normalised element conductanoo g and dipole rewinMt iM^h 
h as a function of dipole angle of rotation for antenna in Fig. 

transverse element spacing 2d - 0.U8X. contor-to-oenter wire separation = X/36. (Aosea 
on data in Sldten and Forbee.^*) 


elements that are proximity-coupled rather than being tied to the line “ 

through a capacitor, the array of dipoles excited by a two-wire line is most usrful m 
the VHP and UHF ranges and is well suited for high-powcr appbcation. With the 
dipoles as shown in Figs. 16-16 and 16-34a, either m- or n^type radiation 0 ^ 

be produced (Fig. 1(5-28), except near end fire, where the ® ’ 

Arranged as in Fig. 16-346, the dipoles cannot bo phasc-rov^ and *e radmt 0 
is confined to near end fire (interdipolc spacing * X/4; see Sec. 16.5, paragraph 
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direction of main beam). The two orthogonal pairs of wires in Fig. 16-34c can be fed 
90® out of phase to produce circularly polarized end-fire radiation.®® 

Because of loading by the elements, X/X, on the two-wire line is slightly larger 
than 1. The degree of coupling depends primarily on the distance d between dipole 
and lino (Fig. 16-34a and h) and on the angle between dipole and array axis; second¬ 
arily on dipole length and on spacing between wires. For equal coupling, d is an 
order of magnitude greater in Figs. 16-16 and 16-34a than in Fig. 10-346 (0.05X versus 
0.005\ for g « 0.26). Although there are exceptions,®* the coupling generally 
decreases monotonically with increasing d. It rises to a maximum between 20® and 
40® and then decreases again as the angle between dipole and array axis increases. 

The measurement of dipole coupling and resonant length is described in Sec. 16.6 
[see Eq. (16-34) and text]. Figure 16-34e and / shows results for the structures in 
Figs. 16-16 and 16-34a, respectively. Sufficiently large coupling is achieved with 
small dipole angles; the element patterns are therefore fairly uniform. The dipole 
resonant length is near 0.46X. If d « 0.05X, it becomes very difficult to find the dipole 
resonant length, and for transverse dipoles (Fig. 16-346), resonance docs not in fact 
exist.*® 

A vertically erected, center-fed, resonant VHF-UHF communications array with 
elements of the type shown in Fig. 16-34a gave good performance over a ± 10 per cent 
band with a pattern omnidirectional in azimuth and shaped in elevation (VSWR = 
1.2:1 at the design frequency).*® In another interesting application of the two-wire 
line, a satellite-tracking antenna with elements of the type shown in Fig. 16-16 was 
fed from both ends; with the aid of a suitable comparison circuit, this allowed recep¬ 
tion on both sum and difference patterns.*®**^ The type of balun used in this design 
is illustrated in Fig. 16-34d; note that balance docs not depend on the height of the 
coaxial feed from the ground plane, or on the tuning parameters. 

Sandwich-wire Antenna.*®'®^ If the top and bottom plates and the center conduc¬ 
tor of a strip line (Fig. 16-36a) coalesce into wires (Fig. 10-366) and the center wire is 
snaked along its length (Fig, 16-36c), those portions of it that arc not parallel to the 
outer wires (which are at ground potential) will radiate, producing n-type patterns 
(Fig. 16-28). The outer-wire spacing must be less than X, and the feed can be 
coaxial or strip-line. 

Flush-mounted and backed by a cavity (Fig. 16-36d and e), the antenna radiates 
an omnidirectional beam polarized transversely to the array axis. Detailed informa¬ 
tion is available for the case where the center strip is sinusoidal.®^ The relative phase 
velocity is calculated on the assumption that the wave velocity along the undulating 
strip is that of light. This makes X/X, a function of a/s, where a is the amplitude of 
the sinusoid (Fig. 16-366). The result for a strip surrounded by air is shown in 
Fig. 16-36/ (dashed curve); for a strip printed on a Teflon-Fiborglas sheet, the phase 
velocity is 6 per cent less (solid curve). Experimental results arc in close agreement 
with this theory. 

Although most of the radiation comes from the region where the strip crosses the 
center line (marked A in Fig. 16-36e), some of it is distributed along the entire length 
of the sinusoid; the radiation mechanism therefore approaches that of a leaky wave, 
and the equivalent circuit of a section of sandwich wire is a pi network. The element 
conductance (elements in this context are considered localized at points A) is a func¬ 
tion of a/8 and a/X. Because both X/X, and g are functions of a/s and thus cannot 
be chosen independently of each other—a situation typical of most leaky-wave 
antennas (Sec. 16.8)—the design pro(5cdure is slightly more complicated than described 
in Sec. 16.6. Rewrite Eq. (16-286) in the form 


cos B = 


X, 


_X a 
2a a 


(16-286') 




(f) (g) 

Fio. 10-36. Bandwioh-wiro antonna: (a) Strip-line (transverse oroM ® 

fri TraiiHvcrHO and longitudinal cross soetion of sandwich wire with traposoidal oont 

^oUnTr irttefai^ows indicate location and direction of 

(el Transverse and longitudinal cross section of cavity-backed sandwich .Vinxm in 

ifdJ Sr conductor® (/) Relative 7f-^rflo°n%TeXSl rsh^d 

(t£\ and (e^ ^solid (lurvo: center atrip supported by Toflon-Fiberglas s » t* j- «/» 

S^ sS^^ ai;r(«) Nornialis^ element eondu^^^^^ 

as a function of o/k, for broadside radiation from (d) and (e). [(o) («) ana (o) aj 

man and Kara6.®M 


Pick a series of values of a/s (it is usuaUy sullicicnt to cover the raage 0 < a/* < 0.6). 
Figure 16-36/ then fixes the corresponding X/X, values. Substituting oac ® 

a/fand X/X. values in turn in Eq. (16-286') forces the choice of the comsi»ndmg a/X 
values. 'The conductance is then determined experimentally for ^ch allowed com¬ 
bination of o/« and o/X, and these measurements will not be valid for any other com- 
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binatioa. Example: let the prescribed radiation be broadside (6 — 90®), and the 
structure be that of Fig. 16-36d and e. For a/a = 0.1, the solid curve in Fig. 16-35/ 
gives X/X 0 1.078. Using Eq. (16-2850 1 ®/X = 0.046, and similarly for other values 
of a/8. It is convenient to plot the resulting curve of a/a versus a/X (dashed curve in 
Pig. 16-35^). We must now measure gr as a function of these pairod-off a/a and a/X 
values; for a/a = 0.1 and a/X = 0.046 (which, incidentally, implies a/X = 0.46), 
g turns out to be 0.047, and so on for other pairs. Since each of the resulting g values 
holds for a different s, it is best to plot not g but g(X/a) (= 0.1 in our example) as a 
function of a/X, as shown by the solid curve in Fig. 16-35^. Beam shaping is achieved 
by using these conductance values in conjunction with Eq. (16-33). Note that our 
curve holds only for broadside radiation; for any other angle, g would have to be meas¬ 
ured as a function of an entirely different set of parameter pairs. 

Small though the impedance mismatch at broadside is for these elements, stubs 
are needed to make it negligible. The dimensions are (Fig. 16-35e)®i <r = 0.09X, 
5/X = a/X -h 0.043, stub width = 0.024X. The VSWR is less than 1.4:1 over a 
± 15 per cent band. A flat array of such side-by-side line sources, end-fed with a 
corporate structure, had a pattern bandwidth of ±15 per cent within which beam- 
width and sidelobes stayed fairly constant; the squint angle was ±8 per cent. This 
array has also been mounted on a surface curved transversely to the line sources.®^ 

Variants of Fig. 16-35c can be used as omnidirectional communication antennas 
when horizontal polarization is required in azimuth®® (for vertical polarization, use 
two-wire line with proxunity-coupled axial dipoles). 

The Babinet equivalent of Fig. 16-35c, which has not been explored, might be 
useful at microwave frequencies if the polarization is to be orthogonal to that of the 
sandwich wire. 

Trough-guide Antenxias®®^®* (Fig. 16-36) Characterized by mechanical simplicity 
and greater (by 50 per cent) bandwidth for single-mode propagation than rectangular 
waveguide, the trough guide is well suited for exciting radiating discontinuities and 
has also found application as a leaky-wave antenna (Fig. 16-45 in See. 16.8). It 
can be viewed as a strip transmission line operated in its first higher (a TE) mode; 
the plane bisecting the strip line (dashed line. Fig. 16-35a) is an electric null plane 
of this mode and can therefore be short-circuited (see inset in Fig. 16-36a). The mode 
obeys the familiar dispersion relation 



with Xc = 2w, It cannot propagate if w/d > 9.6, and the curves shown are in fact 
not quite reliable for 10 /d > 4.®* Zero fin thickness is assumed, the effect of finite 
thickness being negligible for antenna design purposes. Figure 16-35 [with relabeled 
abscissa—see discussion in connection with Eq. (16-56)] helps in estimating the extent 
to which the (theoretically infinite) sidewalls can be reduced in height without per¬ 
turbing the mode. If the center fin is serrated (Fig. 16-365),®® one obtains a very 
large range of phase velocities, including slower-than-light velocities, and of dispersion 
characteristics (for which the above equation does not hold; see Fig. l()-3Cc). In this 
form, the trough guide is well suited for mechanical and frequency scanning. One 
method, due to W. Eotman, would consist in arranging three serrated center fins side 
by side (with negligible spacing in between); as the center fin is moved through the 
short distance of one serration period p (the outer fins remaining static), the phase 
velocity is swept through its entire range. 

Successive discontinuities can be placed on the same side of the center fin (tw modes. 
Fig. 16-28) or on alternately opposite sides (n modes). The “L rod” (Fig. 16-36d)®< 
consists of a horizontal radiating and a vertical tuning element; it is a resonant radiator 
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(therefore bandwidth-limited) and produces a good range of normalized conductance 
values. Except for a useful equivalent circuit, no data are available on the notch 
(with compensating posts) element (Pig. 16-366),which is also horizontally polarized. 
Because its equivalent circuit is a pi network (Fig. 16-36/), this element is nonresonaut 
and could be used for broadside radiation (Sec. 16.5). 

A vertical post located on the center fin and extending above the level of the side- 
walls would produce vertical polarization; arrays consisting of several such posts per 
wavelength are described in Sec. 16.8 (Fig. 16-45c). 

Dielectric Rod or Image Line with Discontinuities. For X/X*, see Fig. 16-18a. 
Short pieces of wire can be radially inserted in the dielectric, extending partially into 
air. Conductance values and resonant lengths of spike are given®® as a function of its 



Fio. 16-37. Dielectric-strip antennas: (a) Longitudinal cross section of stopped dielectric 
strip. (h) Top view of strip with successive segments bent in ground plane, so that 
radiation from individual steps (arrows) produces a prescribed pattern.®® (c) Wafer 
antenna.^®® 


circumferential location and depth of insertion. Some spurious radiation is produced 
by the surface-wave launcher and by variations in the orientation of the spikes which 
control the amplitude distribution along the array. Either m ot n modes can be 
realized (Fig. 16-28). 

Beads of higher dielectric constant and larger diameter than the dielectric rod along 
which they are inserted at constant intervals produce wi-mode radiation, but the 
patterns are not very clean.®® 

Stepped Dielectric Strips. See Fig. 16-19 and accompanying text in Sec. 16.4; 
the polarization is vertical. The steps may be changes in thickness (Fig. 16-37a) 
or in dicloctrhi constant. The normalized step conductauccH (^aii be (‘ahnihit^ul from 
formulas given by Robieux®^ for the surface-wave transmission coeflicients of the 
discontinuities: 


. _ 

^ 4didi 

^ __ + €2 — 2^0 

4(€l — €o) (*2 — eo) 


(for steps as in Fig. lG-37a) 
(for discontinuities in «) 


where the subscripts 1 and 2 refer to the structure before and after the step, respec¬ 
tively. These expressions show that if the surface wave is loosely bound (small di 
and ^2, or ei and €2 not much larger than eo), a small step produces a large ff. 

The element pattern peaks near end fire; if the strip is wide, the peak is very close 
to 0°, if narrow, close to a*iX/27r radians, where a^i is the verth^al decay constant just 
before the step, and the step is assumed to be small. The element-pattern beam width 
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for wide or narrow strips is about 1.2axiX/27r radians, which is quite narrow if the 
wave is loosely bound. The array as a whole is therefore not useful in directions 
other than near end fire. 

The intcrclcment spacing is not uniform, but fixed by the requirement that a‘ step 
must be located so as to be in the far field of the radiation from the preceding stop: 
s/\ ^ lQ/(a\y [which is a slightly shorter distance than that prescribed by Eqs. 
(16-15) and (16-19) ]. If the steps are small, tho array acts like a continuously tapered 
surface-wave antenna, with gain and other pattern characteristics as described in 
Sec. 16.3. 

The array can also be bent in the ground plane in such a way that the step radiations 
form a cosecant-squared pattern in azimuth (Fig. 16-375).®® 

Dielectric-image-line-excited Two-dimensional Slot Array®**-®® (“Cooper” array. 
Fig. 16-33). Design principles for an array of this typo arc given in Sec. 10.5 [see 
Eq. (16-36) and text]. To produce radiation 
in a half space only, the plane containing tho 
slots can be backed, at a distance of 0.25X in 
the dielectric filler, by a reflecting sheet (Fig. 

16-33a), or else the slots can be deep-etched in 
a single thick metal sheet. Because of spurious 
radiation from the surface-wave feed and losses 
in the parallel-plate dielectric, the ellicicncy of 
models constructed so far has not been high. 

Slots are of resonant length. Their ampli¬ 
tude of excitation depends on relative location 
in the exciting field (i.e., on distance from image 
line and on surface-wave parameter «r) and 
on the angle a (Fig. 16-335), The largely 
longitudinal ground-plane current excites two 
slot field components: 

By ^ p sin a cos <x 
Bm ^ p sin® a 

(p is a proportionality constant). By is zero F 

in Fig. lG-33c (end-fire radiation), but when a (a) (b) 

is small, as is usually the case (Fig. 18-336, („) Surfmio-wavo turn- 

broadside radiation), j&v is the dominant com- gtilo. (Reference 101.) (6) Pine- 

ponent. Conversely, Eg, which is dominant in cone antenna. (Ilcferencc 102.) 

tho end-fire case, is zero at broadside, because 
phase reversal cancels contributions from successive slots. 

Dielectric Wafer*®® (Fig. 16-37c). A TM surface wave travels along tho closely 
spac^ed nonresonant slots cut into a flat, metakdad dielectric waveguide and excites 
the larger, resonant slots. Center-fed and operated as a resonant array, the antenna 
radiates a broadside beam. 

Surface-wave Turnstile*®* (Fig. 10-38a). A dielectric rod with metal core supports 
two modes without cutoff: one closely resembles that in Fig. 16-4c, the other, called 
a Goubau mode, is radially symmetrical. Launched from below, tho latter mode 
excites spikes arranged helically on a metal pole (pitch = X). Successive spikes in 
each of the two orthogonal planes containing the pole arc phase-reversed and spaced 
X/2; hence the radiation is broadside, omnidirectional, and horizontally polarized. 
The spike-on-pole structure acts like an artificial dielectric that slightly binds and 
slows up tho illuminating beam. 

Pinecone Antenna*"® (Fig. 16-385). Similar in principle to the surface-wave turn¬ 
stile, this antenna consists of a helix that launches a circularly polarized beam to 
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illuminate a stack of metal rings above it. Spaced approximately IX apart, these 
radiate broadside. Sharp elevation patterns were obtained by adjusting the diameter 
and exact spacing of individual rings. 

16.7. LEAKY-WAVE ANTENNAS: DESIGN PRINCIPLES 

Leaky waves arise when a shielded waveguide is perturbed continuously (Fig. 16-lc), 
or at intervals that are short compared with wavelength (Fig. 16-40 in Sec. 16.8), or 
when an open waveguide is perturbed in either manner (Fig. 16-45(X and c). The 
interrelationships of leaky-wave parameters are described by Eqs. (16-8) to (Ki-lO); 
/Sg and a. are both related to the geometry of the structure and can be rigorously 
calculated in some instances (Sec. 16.2). Design principles follow closely those for 
waveguide slot arrays and arrays of surface-wave-excited elements; the discussion 
in this section therefore parallels that in Sec. 16.5. 

Direction of Main Beam. Equation (16-106) for the angle of emergence of a leaky 
wave is identical with Eqs. (16-28) provided a =» 0. This would mean that all modes 
in Eqs. (16-28) degenerate into the case m = 0 and that the leaky-wave beam is 
therefore restricted to the forward quadrant, excluding broadside (Fig. 16-28). It 
is possible, however, to make use of the n = 0 mode as well by alternately phase- 
reversing successive sections of leaky waveguide, as shown in Fig. 16-456. Since the 
equivalent circuit of a section of leaky guide is a lossy transmission line, this arrange¬ 
ment allows the beam to be placed in the broadside position without giving rise to a 
large impedance mismatch. Radiation in the back quadrant, though possible in the 
n == 0 mode, has not so far been achieved, perhaps because the element pattern of the 
individual leaky-wave section is too directional along end fire to allow good array 
patterns to be produced for B > 90®. 

Since leaky waveguides are dispersive, X/X, usually being a monotonically increasing 
function of frequency, the beam moves [Eq. (16-106)] in the direction of decreasing B 
(from broadside toward end fire) with increasing frequency. Solutions of Eq. (16-11) 
show that the dispersion of most leaky waveguides is of the familiar form 

5 - - (s)’ 

where Xo is a function of geometry only. Equations (16-106) and (16-37) can be 
combined in that case to show explicitly the dependence of main lobo direction on 
frequency. 

Control of Aperture Distribution. The power distribution along the aperture is 
controlled by varying the leakage along it, as illustrated in Fig. 10-41 a (Sec. 16.8). 
With a variable a., the power distribution is given by 

P{z) = Pin exp ^ -2 a,(z) dz j 

(which takes on a more familiar form if a, is constant). Differentiating, 

which is the same as Eq. (16-30) if 2o!,(z) is substituted for gf(zt) = flfi/s. Equation 
(16-33), the basic design equation, therefore still holds provided we write 2oe«(z) 
instead of gi/s on the left-hand side and drop the subscripts i on the right, since ot. is a 
continuous function of z. The units of a,(z) in this equation are nepers per unit Length 
(multiply by 8.68 to obtain decibels per unit length). 
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The large values of a* required to keep Pi in Eq. (16-33) small in short arrays are 
realizable with many of the structures described in Sec. 16.8. 

See end of Sec. 16.2 for the measurement of leaky-wave parameters. 

Array Synthesis and Beam Shaping. The techniques mentioned in Sec. 16.5 are 
applicable; see especially Taylor^® (Fig. 16-30) and Dunbar.^® Kellyhas shown 
that an amplitude distribution in Eq. (16-33) of the simple form A(z) = 1 - tz/I 
(•C is the antenna length), with linear phase 
progression, results in a good approxima¬ 
tion (within ±1.5 db) to the often needed 
CSC® B cos^^ e pattern. Some synthesis 
problems require 0, and thus X/X« [Eq. 

(16-106)] to be variable along the aperture 
(functions of z). 

Leaky-wave antennas can be designed for Fig. 16-39. Curved leaky-wave antenna, 

installation on a curved surface, a feature 

not possessed by surface-wave-excited arrays (since it is too complicated to control 
the pattern in the presence of both element radiation and curvature-induced leakage 
radiation); the change in jSi and ag has been found negligible in the case of leaky- 
wave structures that are perturbations of shielded guides (e.g., a long slot) provided 
that the radius of curvature is larger than 20X. It is clear from Fig. 16-39 that the 
relative phase velocity must vary along s in order to produce a beam that keeps pointr 
ing in the same direction in space (at right angles to the projected aperture z). 

where ^(s) is prescribed by the geometry. The required aperture distribution A(8) 
in the curved aperture is obtained from the prescribed distribution A(z) in the pro¬ 
jected aperture by conservation of power. If the curved antenna is an area source 
(width transverse to the page), then 

A®(«) = A®(z) sin [e(8)] 

where A®(a) and A*(z) have dimensions of power per unit area. If the curved antenna 
is a line source (not confined between parallel plates), energy spreads at all angles with 
the page and^°^ 

A*(s) = A®( 2 ) d(s) sin [0(»)] 

where A®(z) has dimensions of power per unit area but A®(s) power per unit length 
(along fi); d(8) is prescribed by the geometry. 

Beam shaping can also be accomplished if the antenna is placed on a surface bent 

in the shape of a polygon, _ 

Gain, Beamwidth, and Sidelobe Level. See Sec. 16.5 for characteristics at a single 
frequency. For behavior as a function of frequency, see paragraph on scanning at 
the end of this section. 

Arrays of Line Sources; Area Sources. To obtain directivity in both planes, a 
dared horn can be attached to the leaky guide or several guides can be placed parallel 
to each other. The mutual interaction of parallel leaky-wave antennas depends on 
whether the elemental radiators are end-to-end or broadside. With transverse slots 
(Figs. 16-40, 16-43, etc.), the magnetic dipoles are end-to-end and the coupling is 
slight; with TE-oxcited longitudinal slots (Figs. 16-4la and 6, 16-42a, etc.), the mag¬ 
netic dipoles are broadside, and although |9» is affected only negligibly, a* is much 
perturbed. Detailed analysis in the case of two long slots excited in phase shows'®® 
that for very small spacings between lino sources, ot» is almost twice its unperturbed 
value. As the spacing increases, ot» decreases and then oscillates about its unpor- 
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turbed value, the amplitude of oscillation remaining quite large even when the spacing 
is several wavelengths. If arrays of such slots are to be designed (although it would 
be far simpler to use an area source instead), the drastic change in the element pattern 
due to the presence of all other slots must be taken into account.*® 

Several area sources are described in Sec. 16.8. With two of these, one vertically 
and the other horizontally polarized (Figs. 16-44 and 16-46), extremely precise pattern 
control has been achieved, both in the elevation plane and in the plane perpendiculai* 
to it (in which the beam shape is controlled by the phase and amplitude distribution 
in the feed). 

The V arrangement shown in Fig. 16-32a is useful for leaky line or area sources; 
Fig. 16-326 is inapplicable since the beam cannot be placed in the back quadrant. 

Feeds. If the transition from unperturbed to leaky guide is not too abrupt--and 
it need not be, since the otz required near the feed is invariably small—there will be 
no detectable spurious feed radiation (a situation very unlike that with surface 
waves). There will also be no appreciable impedance mismatch, and the input 
impedance of a leaky-wave antenna is therefore largely that of the feed itself. 

To decrease the power carried in the initial section of the leaky guide, and thus 
lessen the danger of voltage breakdown in high-power application, a feeding guide 
can be coupled (through slots in a common wall) to the leaky guide along its entire 
length.io^ Distributed feeds of this type have also been explored, though not per¬ 
fected, for pattern control and scanning.*®*^®® 

Suitable feeds for area arrays are either a (narrow-band) broadside slot array or a 
(much wider-band) pillbox arrangement such as a hoghorn. Details on the latter 
are given by Honey see also Chaps. 10 and 12. 

Termination. Resistance cards, e.g., three tapered 200-ohm cards arranged parallel 
to each other and to the waveguide sidewalls, make satisfactory loads in waveguide 
or parallel-plate systems. To test whether a design has been successful with respect 
to dissipating negligible power in the load, one can check the cfToct on the radiation 
pattern by short-circuiting the termination; the change should be insignificant. 

Effect of Radome. Nishida“® has shown that a thin dielectric cover placed over a 
long slot increases /3s very slightly and considerably reduces as. This means that the 
direction of the main beam shifts very little, but the beam shape is impaired, and 
attenuation measurements should, therefore, be performed in the presence of the 
radome in an early design stage. 

Circular Polarization. Two circularly polarized leaky-wave antennas have been 
proposed; they are described in Sec. 16.8, in connection with the structures illustrated 
in Figs. 16-43 and 16-45, See also the remark on circular polarization in Sec. 16.5. 

Scanning. Mechanical scanning, as with slot arrays, can be accomplished by 
moving a sidewall or by inserting a variable amount of dielectric loading in the guidc.^< 

When frequency-scanned, the main beam moves as described in the disciussion 
preceding Eq. (16-37). The scan angle is limited by mode cutoff at the low-frequency 
end, and by the excitation of higher modes at the high-frequency end. If Eq. (16-37) 
applies—and it usually does—leaky-wave antennas exhibit the attractive property 
of constant beamwidth over the entire scanning range. The bcamwidth depends 
on the antenna length 4/X projected normally to the beam direction (half-power 
bcamwidth = 56 X/^p degrees for constant aperture illumination; Sec. 16.6). From 
Fig. 16-31, 

^P = ^8in3 = ^'s/l ■" cos* 6 
Using Eqs. (16-106) and (16-37), 
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a ratio that depends only on the antenna geometry and is thus independent of fre¬ 
quency. If in addition a,, and hence the aperture illumination, do not change 
materially over the frequency range, the beamwidth and sidelobe level will remain 
constant. In the case of the inductive-grid antenna (Fig. 16-46) the beam scans 
from 30 to 70° over almost a frequency octave; the elevation beamwidth remains 
constant over the upper two-thirds of this band, increasing very slowly at lower fre¬ 
quencies because of a gradual change in and the sidelobe level remains below its 
preassigned value (23 db) over the entire band. 

Since the beamwidth in the plane perpendicular to the elevation pattern depends 
on the feed, and thus necessarily broadens with decrc^asing frequency, the gain of the 
antenna must also drop with frequency, but it will do so at a dmoer rate than the gain 
of a dish (about 4 db over almost a frequency octave in the ease of the inductive-grid 
antenna). 

Mechanical and frequency s<?aiming have also been explored in connection with 
curved leaky antennas. 

16.8. LEAKY-WAVE ANTENNAS: SPECIFIC STRUCTUEES 

Leaky-wave structures are listed in accordance with the unperturbed waveguide 
from which they derive: first strip-line, then ordinary waveguide (long slots in rec¬ 
tangular and circular, nonresonant slots in rectangular guide), then trough guide, 
and last, parallel-plate guide (transverse and longitudinal strips, holes, and disks). 

The first leaky-wave antenna was a long slot in waveguide, invented by Hansen' 

(a useful reference for early leaky-wave antenna work is Southworth'*'*). Almost all 
the structures listed here are, like the long slot, perturbations of shielded guides; the 
one exception (leaky trough guide. Fig. 16-45) can servo as a model for methods of 
introducing leakage in other open guides, for example, in channels of the type shown 
in Fig. 16-26 or in IT gxiidc.*^ 

In choosing an antenna for design, one should first examine the data presented here 
to see whether the range of an values required by Eq. (16-33), as modified in Sec. 16.7, 
is obtainable from the proposed structure, then whether these values arc compatible 
with the requirements imposed by Eq. (16-106) on X/X,. In many instances, otz and 
X/X, are so coupled by the same geometric parameters as to preclude accurate beam 
shaping (except for special cases). True freedom in design is achieved only when the 
parameters that control <xa are entirely separate from those that control X/X« (see the 
inductive-grid antenna. Fig. 16-46). 

Some of the data shown are experimental, some theoretical; whenever both were 
available, those that seemed more reliable were plotted. 

With very accurate data, extremely precise pattern 
control can be achieved. The display is usually in 
terms of X/X, and a«X as a function of the geometric 
parameters (z as always is in the direction of propaga¬ 
tion along the guide), but because of the various ways i6-40. Coaxially-fod 

in which parameters can be related to X* and it is nonresonant slots. (Ilefer- 
sometimes advantageous to arrange the data differ- 112.) 

ently. The dimensionless constant aiX is in nepers per 

wavelength; multiply by 8.68 to convert into decibels per wavelength [but note 
that nepers are needed in connection with the basic Eq. (16-33), as modified in 
Sec. 16.7]. 

Leaky Coaxial Lines (Fig. 16-40). Less dispersive than waveguide structures that 
satisfy Eq. (16-37), a leaky TEM-mode line is called for whenever one tries to hold 
the beam position reasonably constant over a frequency band. Leakage is controlled 
by varying the slot length and/or displacing the inner conductor from the center."® 
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Fig. 16-41. Long slots in rectangular waveguide: (a) Narrow TE slot shown with lip of 
variable width. (6)-(d) Relative phase velocity X/X. and leakage attenuation aa\ on 
lb) TE channel, (c) Dielectric-filled channel (e « 2.66) with hybrid (quasi-TK) oxcitit- 
tion, (d) Narrow TM slot. (After Hines, Rumsey, and and Ooldatone and Oliner.^) 
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Good shaped patterns have been produced with this antenna, but no data are available 
on X/X, and a»\ as a function of the parameters. 

Long Slots in Rectangular 'W’aveguide.**^®**^^®”^!® By proper positioning of a 
longitudinal slot in the walls of rectangular waveguides, any one of the following 
field configurations can be excited 

1. TE (no Em in slot): slot must be narrow and placed where wall currents are 
perpendicular to it, e.g.. Fig. 16-41a and 5. The elemental radiation pattern is that 
of a 2 -directed magnetic dipole; hence end-fire radiation is zero. 

2. TM (no Hg): slot must be placed where currents are parallel to it, e.g.. Fig. 
16-4Id. Elemental pattern is that of an as-directed electric dipole. 

3. Hybrid with negligible Eyi guide must be filled with dielectric (« > 2.0), e.g.. 
Fig. 16-41c. 

4. Hybrid with negligible Hyi guide must be partially filled with dielectric and 
excited in lowest-ordcr hybrid mode (not illustrated). 

Configurations 2 to 4 are sometimes termed ''channel-guide” antennas; configura¬ 
tion 3 is known to support also waves with negligible leakage (Fig. 16-19c and accom¬ 
panying text. Sec. 16.4). Because of the presence of several field components in the 
channel-guide slots, the far-field patterns are linearly polarized only provided^® 
0.4 < w/\ < 0.9, 1 < € < 2.6, and 0.4 < X/X. < 1.0. 

All the structures in Fig. 16^1 have been treated theoretically.**^^'^^^ In the case 
of Fig. 16-41a, for example, X/X, and a.X are explicitly related to the geometric param¬ 
eters by* 

_X X,o* p \ 

X, X,o \ 2w^hw 1 -f p*/ 

\ _ ^^*0 1 
“ TvhW 1,+ P* 

where P “ ; («®® ll) + s) ] 

and X .0 is the guide wavelength (“ X/Vl — (X/2X)*) iu the unperturbed waveguide 
(5 =« 0). These explicit expressions are based on a perturbation calculation that is 
valid only provided 5 lu. Zero ground-plane thickness is assumed. Though not 
strictly separable, X/X, is primarily controlled by variations in h (through X,o) and 
a,X by variations in a. Dielectric or other loading of the guide^®* will primarily 
affect X/X,. 

Results for the other structures in Fig. 16-41 are displayed graphically. 

Because they require a smaller variation in guide parameters to cover a prescribed 
range in o{,X, TM- and hybrid-excited slots lend themselves somewhat more easfiy to 
pattern control than TE-excited slots. Even so, good control has been achieved 
with the slot in Fig. 16-41a,“^'“« a typical result being that a Gaussi^ amplitude 
distribution produces low sidelobes over a 2:1 frequency range in which the beam 
swings from 38® to 18° off end fire. 

Long Slots in Circular Waveguide^”-”^ (Fig. 16-42). Perturbation formulas are 
available that relate the relative phase velocity and leakage explicitly to the geometric 
parameters. 

Closely Spaced Slots and Holes in Rectangular Wavegiude. Like the long slot 
in Fig. 16-41a, the closely spaced slots in Fig. 16-43a are excited by the dominant TE 
waveguide mode. The element pattern in this instance is that of a transverse mag¬ 
netic dipole (vertical polarization). Also as in the case of the long slot, X/X, is pri¬ 
marily controlled by varying the width of the broad waveguide waU (h in Fig. 
w in Fig. 16-43a). a.X depends primarily on slot spacing and width (Fig. 1^36 
and c)“* and on the width of the narrow waveguide wall (no curves available). 
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Though not strictly separable, both X/X* and can be accurately controlled over a 
wide range of values by appropriate variations in the large nunilDcr of available 
parameters. 

Hyneman^^® points out that over a certain range of the parameters a surface wave 
exists together with the leaky wave, but recent experimental work suggests that over 



Fio. 16-42. Long slots in circular waveguide: (a) TE. (/>) TM. (After IlarritiQton^^* 
and Ooldatone and Oliner.^^'^) 
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Fio. 16-43. Closely spaced slots in rectangular waveguide. (After Ilyneman,^^^) (a) 
Structure, (b) and (c) Relative phase velocity and leakage attenuation as a function of 
parameters (curves are based on theoretical values for infinitely many slots p<^r waveliuigth, 
also valid experimentsdly for d/w - 0.033, 5/p = 0.4). Discrepancy in (c) between 
dotted curve (after Kelly and EllioU^^^) and corresponding dashed liiut may h(i due to fact 
that Kelly’s and Elliott’s slots were milled to their required length while Ilyneman’s slots 
were milled across entire width of guide and then partially covered by in(*tal foil. 


much of this range the effects of the spurious mode—if it is excited at all—cannot be 
detected in the radiation pattern.-*® 

A circularly polarized line source can be obtained by milling closely spaced trans¬ 
verse slots in all four aides of a square waveguide and exciting it with two orthogonal 
TE modes 90° out of phase. 

The ^‘serrated” waveguide analyzed by Elliott*®®-^®® looks like Fig. l()-43a but has a 
top wall of considerable thickness, variations in which control a,X. Since closely 
spaced thick slots arc difficult to manufacture, this guide has not found application. 
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(See, however, the related plane array of thick transverse slots. Pig. 1^4 and text.) 
Theoretical results are available for closely spaced round holes in rectangular 


\7aveguide.® 

Plane Array of Thick Transverse Slots. The array of waveguides in Fig. 16-44 
is TE-exoited by means of a hoghorn or other arrangement. Each guide in turn 
excites an array of slots approximately one-quarter wavelength thick, which couple 
only a small amount of power from the guide 
and do not appreciably perturb the guide 
phase velocity. Since the interslot spacings 
s lie between 0.25X and X, this antenna 
is not really a leaky guide but a shielded- 
wavcguide-excitcd array of discrete elements 
and could have been included in Chap. 9. 

It is presented here for the sake of com¬ 
pleteness and because of its close relationship 
to the serrated waveguide (see above). 

The main-beam direction is given by the m 



-H k “4^“ 

Fig. 16-44. Plano array of thick trans- 
vorso slots. (Reference 121.) 


0 curve in Fig. 16-28. The pattern 
bandwidth is approximately 1.6:1, limited by mode cutoff at the low- and by Eq. 
(16-29) at the high-frequency end. In one particular application, the beam swings 
from 71° to 34° off end fire, and since Eq. (16-38) applies (Sec. 16.7), the elevation- 
pattern (E-plane) beamwidth stays constant over the entire frequency range. 

At the frequency for which the equivalent electric thickness of t he top walj^ is 
0 25X, the relative phase velocity is that of the waveguide (X/Xg =* v 1 — (X/2u?)®) • 
At lower frequencies, the slots load the guide capacitivcly, slightly decrcaaing X/X*; 
at higher frequencies, X/X. sUghtly incrcaBcs. The electric thickness is 0.26X provided 


h 


X 

4 



In-.-bln 

TTO 



(see Fig. 16-44 for moaning of symbols). 
The element normalized conductance is 


G 


1,54 




XgS d(w H- 0 


(s appears in this expression because the underlying analysis'” takes into aeeojmt 
the mutual impedance between slots.) g is eontroUed by varying 8, and to satisfy 
the first equation, h must be variable along the array; flexing of the bottom surface 
in the * direction is avoided by holding h + d constant. 

Leaky Trough-guide Antennas'*-'”'"* (see also Fig. 16-36 and See. 16.6). The 
fiMign parameters of the asymmetric trough guide (Fig. 16-46a) are chosen as follows: 

1. From Eqs. (16-106) and (16-37) determine X/X, and a.X, respooUvely. 

2. Calculate 

_ ttgX 

X«/X — X/Xi 


3. Use the table to find values of p and q corresponding to n: 


n 

0.000 

0.026 

0.126 

0.320 

0.465 

0.672 

0.886 

1.118 

V 

0.250 

0.263 

0.277 

0.263 

0.299 

. 0.305 

0.309 

0.307 

G 

0.260 

0.237 

0.221 

0.205 

0.194 

0.183 

0.170 

0.153 


16-50 


SUEFACE- AND LEAKY-WAVE ANTENNAS 


4. Then 


^ _p_5 

“ VI - (XA.)> 

^ _ q _5 

“ Vl - (XA.)» ^ 


where 6 ^ (w/tt) In 2 (assuming di and ^2 > w; otherwise see ()linor'*»*'i“). This 
procedure, which automatically **uncouples” the parameters controlling X/X. and 



(c) 

Fig. 16-45. Leaky trough-guide antennas, (a) Continuously asymmetric trough guide, 
(llcferonce 122.) (5) Periodically asymmetric trough guide. {From Rotman and OZi?ier.“*) 

(c) Leakage attenuation of trough guide with serrated center fin protruding a distance 
r/X above level of sidewalls (negative values of r/X correspond to center lin below sidewall 
level; 6 *« fin thickness; other symbols as in Fig. 16-366). {After Rotman and Karas^*^) 


a«X, is adapted from Rotman and Naumann’^; formulas that give X/X, and az\ explic¬ 
itly (but coupled) in terms of the geometric parameters have been derived by Olincr.^®* 
Our expressions assume that the frequency is not too near cutoff (X/X, > 0.6) and 
that a«X is small; they also neglect the finite thickness of the center fin, which if taken 
into account is found to slightly increase X/X, and decrease a,X.i®* 

By alternately reversing successive asymmetric sections (Fig. 16-456)®^'“® and by 
sorrating the center fin as in Fig. 16-366 to obtain a wide range of X/X, values, the 
main beam can be placed anywhere between end fire and just beyond broadside on 
the n “= 0 curve in Fig. 16-28 (see Sec. 16.7 on possible reason for observed pattern 
deterioration in back quadrant). The relative phase velocity of the periodically 
asymmetric trough guide is approximately the same as that of the corresponding 
continuously asymmetric one, but a, is somewhat less, because in the immediate 
vicinity of the interface between successive base blocks (Fig. 16-456) tlie periodic 
structure resembles a symmetric trough guide and radiates less; a, must therefore 
bo measured.®^'*®* [The radiation mechanism of the periodically asynmictric trough 
guide closely resembles that of the sandwich wire (Sec. 16.6) except that th(‘ radiation 
is distributed slightly more evenly along its length.) As in the case of the sandwich- 
wire antenna, small tuning posts (Fig. 16-456) are needed to suppress the reflected 
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wave whcu the radiation is broadside. The optimum dimensions are found 
mentally by minimizing the input VSWR to a line with, say, 10 identical 
terminated in a matched load. It is found that the higher the block, the higher the 
tuning poet and the larger the distance from the block interface at which it must bo 
placed.*** 




(A/ier Honey.^"*) 


The symmetric trough guide with serrated fin (Fig. lO-SOb) produces a leaky wave 
if the sidewalls are lowered appreciably.*** From Fig. 16-46c, which shows «.N 
values measured in one particular instance, it appears that leakage begins as the 
sidewalls approach the level of the teeth and increases monotonically as they are 
lowered still further, and also that a,X increases with the number of teeth per wave¬ 
length. X/\. is only negligibly affected by the reduction in sidewall height. 

Circular polarization could be obtained by combining the horizontally polarized 
asymmetric trough with the vertically polarized protrudii^-tceth structure.*** 
Scanning methods are mentioned in Sec. 16.6, under trough-guide antenna. Note 
that Eqs. (16-37) and (16-38) apply neither to the asymmetric nor to the serrated-fin 
leaky trough guide. 
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Inductive-grid Antenna (Transverse Strips)'"' (also called “Honey” array, Pig. 
16-46). Unlike the plane array of thick transverse slots (sec above), this antenna is 
horizontaUy polarized, and it is a true leaky-wave structure (many strips per wave¬ 
length). Because X/\. and a,\ can be independently coiitrolled and arc known very 
accurately, radiation patterns have been produced that differ by only 0.5 db from the 
design value, even in regions 40 db below the peak. The full pattern bandwidth. 


X 



Fig. 16-47. Longitudinal strips: (cl) Structure (E field in y direction)* (^0 Helativc 
phase velocity (solid curves) and leakage attenuation (daslu^d curvos) uh a fuiu^tion of 
the parameters. (After Honey. 

within which the beam scans from 70° to 30° off end firo, is 1.8:1. Fhc clovation- 
pattem (H-plane) beam width remains constant ov(t a 1.5:1 ran|j;(^, th<*n incrotisc^s 
at the low-frequency end of the band (by 36 per cent at 70°). 

X/X, depends primarily on the grid-to-bottom-platc^ spacing d, oezX primarily on the 
grid parameters. The design procedure is to read the abwisHa value in Fig. 16-466 
corresponding to the desired X/X* and oigX and then to use Fig. U)-4()C for (lettTinining d. 
(The bottom plate is therefore necessarily flexed in the z direction.) Figun^ l()-46a 
shows fiat strips that can be photo-etched on Tcflon-Fiberglas laminat e and supported 
by polyfoam. The curves in Fig. 16-466 and c, however, also apply to a grid of trans¬ 
verse round wires with diameter i/2, except that a corrcc.tion torn> is ikhuUmI if the 
wirc-to-wire spacing p is an appreciable fraction of a wavchuigth.'**^ 

An omnidirectional radial-cylindrical variant of the inductivivgrid antenna pro¬ 
duced good patterns over a 1.5:1 frequency range.^^^ 

Longitudinal Strips^^c (Fig. 16-47). Because it is diflicult. to a<dneve tight control 
over a,X when the leakage is small (as it must be in long arrays), this antenna is less 
satisfa<!tory than the inductive grid. P'^orniulas arc available! that give the explicit 
depeiidcmco of phase velocity and leakage on the parameters.® 
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Holey-plate and Mushroom Antennas.**" Since the center-tu-center spacings 
between holes in Fig. 16-48a and b and between disks in Fig. 16-48c lie between 
0.25X and X, these antennas are not really leaky M'aveguides but, like the plane array 
of thick transverse slots (see above), belong to the group of shielded-waveguide- 
excitcd discrete elements. We include them here for the sake of completeness and 
because they are, like the transverse and longitudinal strips, perturbations of parallel- 
plate structures. 

If the holes in Fig. 16-48a and b are small («/X < 0.3), the normalized element 
conductance j7^10(«/X)'. The plate spacing is close to a quarter wavelength; 
d/XSO.25 -1- Vp/4ir. The relative phase velocity is so close to 1 that end-fire 


1 ^ 



3:ooQc !•••< 

:)OOOC !•••< 

>•••< 

!•••€ 

(b) (o) 

Fio. 16-48. Holey-plate and mushroom antennas: (a) Top view, (b) Longitudinal cross 
section of holey-plate (with X S X/3). (c) Top view of mushroom antenna. (After 

Broussaud.^^^) 

radiation (w 0 in Fig. 16-28) as well as radiation in tho back quadrant (m = 1) is 
produced. Broussaud ©roots transverse vanes between rows of holes (Fig. 16-48(z) 
and finds that this suppresses the end-fire radiation. The vanes presumably load 
the parallol-plate structure inductively, thus increasing X/X, slightly above 1 (Fig. 
16-28); any other type of inductive loading would do as well. 

Tho holey plate is excited by a TBM wave and produces an B-plane elevation 
pattern. Its Babinet equivalent, tho array of disks (Fig. 16-48c), is TE-excited and 
produces an H-plane elevation pattern; because its JSJ field is ?/-directod, the disks can 
be supported on metal stems (hence ^^mushroom*' antenna). 
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17.1. GENERAL DISCTISSION* 


The plane of polarization, or simply the polarization of a radio wave, is dofitmd by 
the direction in which the electric vector is aligned during the passage of at least one 


♦ This section contributed by ‘W’. B. Offutt. 
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full cycle. In the general case, both the magnitude and the pointing of the electric 
vector will vary during each cycle and the electric vector will map out an ellipae in the 
plane normal to the direction of propagation at the point of observation. In this 
general case (shown in Fig. 17-la) the polarization of the wave is said to be elliptical. 
The minor-to-major axis ratio of the ellipse is called the ellipticity and will be expressed 



Fig. 17-1. Diagrammatic illustration of waves of various polarization: (a) Elliptical 
polarization, (b) Linear polarization, (c) Circular polarization (left-hand). 

in this chapter in decibels. (Although the axis ratio is less than unity, when expressing 
ellipticity in decibels, the minus sign is frequently omitted for convenience.) The 
direction in which the major axis lies is called the polarization orientation and in this 
chapter will be measured from the vertical (Fig. 17-2). 

The two special cases of ellipticity of particular interest arc (1) an ellipticity of « db 
(minor-to-major axis ratio zero), which is linear polarization, and (2) an ellipticity of 
0 db (minor-to-major axis ratio unity), which is circular polarization. 
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A linearly polarized wave is therefore defined as a transverse electromagnetic wave 
whose electric-field vector (at a point in a homogeneous isotropic medium) at all times 
lies along a fixed line. 

A circularly polarized wave is similarly defined as a transverse electromagnetic wave 
for which the electric- and/or magnetic-field vector at a point describes a circle. 

In attempting to produce a linearly polarized wave, elliptical polarization is thought 
of as imperfect linear polarization, while in attempting to produce a circularly polar¬ 
ized wave, elliptical polarization is thought of as imperfect circular polarization. 

Confusion occasionally results in the use of mental pictures similar to Figs. 17-1 and 
17-2 when one overlooks the fact that although the electric vector makes one complete 
revolution (Fig. 17-2) per cycle, it does not rotate at a uniform rate, except in the special 
c.ase of a circularly polarized wave. In this special case, rotation occurs at the rate of 
ta radians/sec. 
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Fig. 17-2. Polarization ellipse. 

"Figure 17-lc shows a circularly polarized wave having a left-hand sense. It is also 
poHsiblo, of course, to have right-hand circularly polarized waves. The d^tion of 
right-hand circular polarization as standardized by the IRE and as used in this chapter 
is a« follows: For an observer looking in the direction of propagation, the rotation of the 
oloctrio-fiold vector in a transverse plane is clockwise for right-hand polarization. 
Similarly, the rotation is counter-clockwise for left-hand polarization. . , , 

One simple way of experimentally determining the sense of rotation of a cireularly 
polarized wave is to make use of two helical beam antennas of opposite se^. A nght- 
hand helical antenna transmits or receives right-hand polarization whde a lef^hand 
helical antenna will transmit or receive left-hand polarization. If a circularly 
wave is received 6rst on a right-hand helical antenna and then on a Irft-hand h^cal 
antenna, the antenna which receives the peater amount of signal will have a sense 

which corresponds to the sense of the received wave. nomp as 

In the case of an elliptioally polarized wave, the sense will be taken to be the sa 

that of the predominant circular component. . .v, « m,. work of 

The same deHnition of sense is not used by aU work^ m the field. The work of 
different authors should be compared with this precaution in nun . 
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Typical Applications. Although there is reasonably general agreement on the 
above definitions, the use of the words “circular polarization'' does not always have 
quite the same meaning to different workers in the field. The difference lies in the 
permissible departure (for the application at hand) from precise polarization circularity 
before the circularly polarized antenna becomes unsatisfactory. The application of a 
circularly polarized antenna usually falls in one of two categories. The first category is 
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Fig. 17-3. Linear-component synthesis of an olliptically polarized wave having predomi¬ 
nantly left-hand sense. 


the use of a circularly polarized antenna to provide response to a linearly polarized 
wave of arbitrary orientation. The second category is the use of a circularly polarized 
antenna for suppression of precipitation clutter in radar service.®^ Table 17-1 shows 
typical characteristics for each of these applications. 


Table 17-1. Two Typical Applications of Circularly Polarized Antennas and 
Their Characteristics 



Ili^sponso to linear 
polarization of arbitrary 
orientation 

I*r(^cipitation-cluit(*r 
supprcHsion in radar Horvic<<) 
(values bantul on search radar) 

Ideal ellipticity*. 

0 db 
-3 db 
-10 db 

Omnidirectional 

20® 

Greater than 60 % 

5 

Milliwatt Level 

0 db 
-0.6 db 
-1.5 db 

1-6® 

20® 

6-16% 

1.16 

>100 kw', <10 megawatts 

Satisfactory ellipticity*. 

Unsatisfactory ellipticity*. 

Aisiinuth beuniwidth. 

Elevation bcamwidth. 

Bandwidth. 

SWK. 

Power rating. 



* Over all or almost all of the radiation pattern. 
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Polarization Synthesis. Any elliptically polarized wave can be 83 nithesized from 
two waves linearly polarized at right angles to each other. For example, a circularly 
polarized wave will be produced by the coexistence of a vertically and a horizontally 
polarized wave, each having the same strength, and with a 90° phase difference between 
them. If they have other than the same strength and/or other than a 90° relationship, 
the resulting wave will be elliptically polarized. If, for example, the magnitude of the 
vertically polarized wave is zero, the resulting wave is linearly polarized and has a 
horizontal orientation. Further, if the two waves have equal magnitude but 0° phase 
difference, the resulting wave is linearly polarized with 45° orientation. There are 
two possible combinations of vertically and horizontally polarized waves that can 
produce a wave of some specific ellipticity. One of the combinations will produce a 
predominantly left-hand wave, and the other combination will produce a predomi¬ 
nantly right-hand wave. Figures 17-3 and 17-4 show the two cases. Separate 
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Fig. 17-4. Linear-component synthesis of an elliptically polarized wave having predomi¬ 
nantly right-hand sense. 


illustrations are provided to emphasize the need for care in specifying the coordinate 
system in this work and the need for consistency in adhering to the selected coordinate 
system while performing and interpreting any theoretical or experimental work. 

It is often of interest to know only the ratio of the magnitudes of the vertically and 
horizontally polarized waves forming an elliptically polarized wave and the phase 
angle between them. Such information can be obtained graphically with the aid of 
Fig. 17-5. In this chart, the phase angle shown is the relative phase of the vertical 
element when the relative phase of the horizontal element is zero. ^ 

Example: Given an ellipticity of 3.0 db and an orientation of ^ 37°. 

Find the ratio of the magnitudes of the verticaUy and horizontaUy polarized waves 
and the phase angle between them. Draw a line from the center of the chart to 
the periphery at the 37° point. Lay off a distance from the chart center to the 
7/H « 3.0 db line measured on the horizontal diameter. Read V/H =» 0.8 db and 
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a phase angle of 71° for predominantly right-hand sense or 289° for predominantly 
left-hand sense. 

It is also possible to S 3 nithesize any elliptically polarized wave from two circularly 
polarized waves having opposite senses. For example, a linearly polarized wave will 
be produced by the coexistence of a right-hand and a left-hand circularly polarized 
wave of the same strength. The orientation of the resulting linearly polarized wave 
will be determined by the phase difference between the two circularly polarized waves. 
Figure 17-6 provides the formulas for calculating the values. 



Transmission between Two Elliptically Polarized Antennas. In order that a 
receiving antenna may extract the maximum amount of energy from n juisHing radio 
wave, it is necessary for it to have a polarization identical with that of the passing 
wave. For example, a vertically polarized receiving antenna should normally be used 
to receive a signal from a vertically polarized transmitting antenna. (The discussion 
assumes no polarization distortion in the transmission path.) Similarly, a right-hand 
circularly polarized antenna should be used for reception of waves from a right-hand 
circularly polarized transmitting antenna. In general, maximum transmission will 
result between two elliptically polarized antennas when: 




GENERAL DISCUSSION 


17-7 


1. Their axis ratios are the same. 

2. Their predominant senses are the same. 

3. Their ellipse orientations are related by a minus sign, that is, /3tr>u — — fteo- 
Note that condition 3 will result in parallel-eUipse major axes in space and impliM 

that only in three special cases will identical antennas at each end of the circuit with 
the orientation yield maximum transmission. Those throe cases are: 


1. (3 = 0. 

2. (3 = ±90®. 

3. JSminor/iBn.,jor = 1, SO that /3 has no significance. _ 

Identical antennas can always be made to yield maximum transmission however, 
if they are rotated so as to cause the major axes of their waves to be parallel in space. 



yup. rccfreNCE system is such that zero 

E, AND E, WILL 

CAUSE Emajor VElRTlCAL. 

Fio. 17-6. Circular component synthesis of an elliptically polarized wave. 


When two arbitrarily polarised antennas arc used, the normalised output power 
from the receiving-antenna terminals will be 

P \(JERiEm-¥EiJlia)Y _ (17-1) 

Pmai (Psi* -b Eli*){Eb,* -H All*; 


Similar expressions in terms of Unear components, or axial ratios, may be found in 

^^The^ valuM of Er and El may be obtained with the aid of Fig. 17-6. Table 17-2 

shows some typical combinations of interest. 

OrthogonaS. For any arbitrarUy polarized antenna, there can be another 
antenna polarized such that it will not respond to the wave emanating from the firs 
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antenna. The polarizations of the two are said to be orthogonal. Using the conven¬ 
tion of Fig. 17-6 two polarization ellipses will be orthogonal if they satisfy the relation 

—ErJEb^ = EliEl^ (17-2) 

Figure 17-5 can be used to determine the orthogonal-polarization ellipse to a given 
ellipse by performing an inversion through the center of the chart and reading the 
phase-shift scale associated with the opposite predominant sense. 

Table 17-2. Transmission Efficiency with Various Polarizations at the Transmitting 

and Receiving Antennas 


Antenna 1 

Antenna 2 

P/Pm^x 

Vertical, e.g.: 

Er - 1 

El - /3 “ 0 

Vertical, c.g.: 

Er - 1 

El “ le»® /3 = 0 

1 

Vertical, e.g.: 

Er - 1 

El » |3 =■ 0 

Horizontal, e.g.: 

Eb - 1 

El « i8 - 90° 

0 

Vertical, e.g.: 

Efl - 1 

El - 1«’'® /9 - 0 

Circular (right), e.g.: 

Er - 1 

El - 0 

a 

Circular (right), e.g.: 

Er - 1 

El - 0 

Circular (left), e.g.: 

Er =* 0 

El " 1 

0 

Circular (left), e.g.: 

Efi « 0 

El « 1 

Circular fleft), e.g.: 

Er » 0 

El ^ 1 

1 


Reflection. When a vertically polarized wave is reflected from a smooth surface, 
there is no change in its character.* When a horizontally polarized wave is rofloctcd 
from a smooth surface, because of the coordinatensystom reversal in space when one 
looks in the reversed direction of propagation, there is a 180® phase change. When a 
circularly polarized wave is reflected from a smooth surface, its horizontal component is 
altered by 180°; hence the sense of the wave is reversed. For an clliptically polarized 
wave, reflection is equivalent to altering the differential phase shift (c.g., the phase 
difference between the horizontally and vertically polarized linear components) by 
180°. The new polarization ellipse may be determined with the aid of Fig. 17-5 by 
inverting the original (before reflection) ellipticity across the horizontal diameter and 
reading the phase-shift scale corresponding to the opposite predominant sense. 

Circularly polarized antennas are unique in being entirely unable to “see” their 
own images in any symmetrical reflecting surface, since the reflo<*.tcd wave has its 
sense reversed and is therefore orthogonal to the polarization of the antenna from 
which it originated. 

Measurement Problems. The measurement of circularly polarized antennas is 
discussed in Chap. 34. It will bo sufficient to call attention here to the unusual degree 
of sensitivity of polarization measurement to small distorting influences of soc.ondary 
paths in a measuring setup. Figure 17-7 illustrates the conditions. 

* Strictly speaking, this statement is correct only if the smooth surface is the interface 
between a normal propagation medium and one having an impedance of infinity. However, 
we are hero interested only in the relative difference between the vortical and horizontal 
cases, BO this detail will be overlooked. 
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17.2. COMBINATIONS OF ELECTRIC AND MAGNETIC ANTENNAS* 

Oirculax polarization can be achieved by a combination of electric and “ag.^etie 
antennas provided that the fields produced by these antennas we equal m mapitude 
and in time-phase quadrature. A simple ease of this combmation is a 
and a vertical dipole.** The time-phase-quadrature relationship is a fundament^ 
relationship between the fields of a loop and a dipole whe>i the*r currents 
If the loop and dipole are oriented as in Fig. 17-8, the fields m the plane of the loop 

are given by z.-oy 

El = (17-3) 

Ed = (17-4) 


where C and Ci * constants 
k = 2ir/\ 

X = free-space wavelength 
a = radius of loop 
T = distance from center of loop 
Ji = Bessel function of the first order 

* This section contributed by L. K. DeSize. 


IZP 



Fig. 17-8. Horizontal 
loop and vertical dipole. 
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provided that the currents in the loop and dipole are in phase. Thus, if 

CJiika) = Cl (17-5) 


SLOT —CYLINDER 
FEED LINEfeed LINE 


the resulting field of the combination will be circularly polarized. Equation (17-5) 
will be true if the loop diameter is less than about 0.6 wavelength and the dipole 
length is less than a half wavelength. In this particular combination it should be 
_ noted that the resulting radiation pattern is circu¬ 
larly polarized at all points since the individual 
pattern of the loop and dipole are essentially the 
same. However, in practice this is difficult to 
obtain, except over narrow bandwidths, because of 
the different impedance characteristics of the loop 
and dipole. 

A second combination is that shown in Fig. 17-9, 
consisting of two vertical one-half-wavelength-long 
cylinders in which vertical slots are cut.“ Feeding 
the two vertical cylinders will give a vertically 
polarized omnidirectional pattern in the plane 
normal to the axis of the cylinders, while feeding 
the two slots will give a horizontally polarized 
pattern in the same plane. If the power to both 
feeding arrangements is adjusted to be equal and the 
phase adjusted by controlling the length of the feed 
lines such that the two are in time-phase quadrature, the resulting pattern will be 
circularly polarized. 

The normal radiation (broadside) mode of a helix can also be considered as a com¬ 
bination of electric and magnetic antennas (dipoles and loops) producing circular 
polarization. This type of antenna has previously been discussed in Chap. 7. 

A pair of crossed slots in the broad wall of a rectangular waveguide in which the 
field configurations in the waveguide are such that one slot is in time-phase quadrature 
with the other can also be considered as a combination of electric and magnetic anten¬ 
nas producing circular polarization. This combination will be discussed in more 
detail in the following section. 


Fig. 17-9. Slotted-cylinder circu¬ 
larly polarized antenna. 


17.8. COMBINATIONS OF SIMILAR ANTENNAS* 


Two or more similar antennas when properly oriented in either time phase or sptico 
phase or a combination of both may bo used to give a circularly polarized radiation 


IZP* 



Fig. 17-10. CrosBod dipoles—current in 
phase quadrature. 


I AO* 



Fig. 17-11. CroHsod current in 

phase—X/4 Bt'paration. 


field. A simple case is a pair of crossed half-wavelength dipoles. In Fig. 17-10, cir¬ 
cular polarization is obtained by having the equal currents in the dipoles in phase 
* This section contributed by L. K. DcSizo. 
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quadrature. Radiation in one direction is right circularly polarized and left circu¬ 
larly polarized in the opposite direction. If the pair of crossed dipoles are fed in 
phase and separated in space by a quarter wavelength as shown in Fig. 17-11, circular 


polarLzation is again produced: however, 
the sense is the same in both directions. 
In both of these combinations the resulting 
field is circularly polarized only on axis. 
The deviation in circularity as a function 
of the off-axis angle is plotted in Fig. 17-12. 

Another case of a simple combination of 
similar antennas to produce circular polar¬ 
ization is a pair of narrow slots at right 
angles and located at the proper point in 
the broad wall of a rectangular wave¬ 
guide. “ This may be explained by noting 
that the equations for the transverse and 



Fig. 17-12. Deviation of circularity as a func¬ 
tion of off-axis angle for a pair of crossed 
dipoles. 


longitudinal magnetic fields 
(Fig. 17-13) are 



mode in rectangular waveguide 

(17-6) 
(17-7) 


of the dominant (TEio) 


-TT ^ 


From these two equations it may be seen that the fields are in phase quadrature and 
there are two values of a at which |H.| - l^.j. These values of ® arc given by 

[±V(fy-.] (■«> 

Two crossed slots at either of these points will then radiate circularly polarized 
Figure 17-14 is a plot of a versus X over the wavelength range between the cutoff of 
the TEio and TE,o modes. The orientation of the slots is arbitrary, and they may 
be made resonant and thus radiate a large amount of power (Chap. 9). The 
theoretical axial ratio for a - o/4 is shown in Fig. 17-16, which gives circular polari¬ 
zation at a frequency for which X “ 2o/'\/2- j i i 17 

The equiangular spiral," which is one of a class of frequency-independent antennas, 
where the antenna is completely defined by angles, is another case of a combination of 
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0 ‘0.5a a 1.5a 2a 0.85 0.9 0.95 1.0 1.05 l.l 

X (WAVELENGTH) NORMALIZED FREQUENCY 

Fio. 17-14. Position of crossed slots for Fig. 17-15. Theoretical axial ratio for 
circular polarization vs. wavelength. x « a/4. 

similar antennas which produce circular polarization (Chap. 18). If a conductor with 
edges defined by the two curves 

Pi = (17-9) 

and P 2 = (17-10) 

is combined with a second conductor defined by the two curves 


P8 «= 
P4 =■ 


(17-11) 

(17-12) 


(which simply is the first conductor with a 180^ rotation), the result is a balanced 
antenna of infinite length. In practice, the antenna will bo finite in size and therefore 

limited in operation as a function of frequency. 

« Figure 17-16 shows a practical antenna. 

If the arm length is longer than approximately 
one wavelength, the field on the axis perpen¬ 
dicular to the plane of the antenna will be 
circularly polarized. Pattern band widths of 
better than 20:1 have been measured with this 
type of antenna with correspondingly good 
impedance bandwidths. The axial ratio for a 
typical antenna which consists of a spiral slot 
cut in a large ground plane is shown in Fig. 17-17, 
and a SWR plot is shown in Fig. 17-18. 

An omnidirectional cinnilarly polarized an¬ 
tenna^* can be obtained by four in-phase half- 
wavelongth dipoles arrayed in a circle of about 
one-third wavelength in diameter and inclined 
to the horizontal as shown in Fig. 17-19. The 
axial ratio in the horizontal plane for this con¬ 
figuration is less than 1 db. 

Fig. 17-16. Equiangular spiral. ^he same general typo of pattern can also be 

obtained by using an array of inclined slots 
on a cylinder feeding a biconical horn (Fig. 17-20). In this case the slant length 
of the biconical horn is adjusted to give a time-phase-quadraturc relationship between 
the two modes of propagation for horizontal and vertical polarization. There is no 
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Fio. 17-17. Measured axial ratio of typical equiangular spiral. 



Fio. 17-18. Measured SWR of typical equiangular spiral. 



Fig. 17-10. Four-dipolo oniuidireotional cir- 
cularly polarized antenna. 



Fig. 17-20. Circularly polarized biconioal 
horn. 


INPUT 




Fig. 17-21. Circularly polarized Yagi, 
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simple theoretical relationship that enables one to specify the slant length to give cir¬ 
cular polarization, and it is best done on an experimental basis. 

The combination of crossed half-wavelength dipoles can be used to feed a crossed 
Yagi structure to give a directional circularly polarized beam as suggested in Fig. 17-21. 

Directional beams can, in general, be produced by using any of the basic combina¬ 
tions in arrays. 

17.4. HELICAL ANTENNAS 

Circularly polamed heUcal antennas are included in the general discussion of helical 
antennas presented in Chap. 7. 

17.6. DUAL-MODE HORN RADIATORS* 

A conventional waveguide horn may be used for the radiation and beaming of cir¬ 
cularly polarized waves, provided that it is fed with waveguide capable of propagating 
vertically and horizontally polarized waves simultaneously. The horn may be eittier 
symmetrical or asymmetrical, that is, square (round) or rectangular (elliptical). Fig¬ 
ure 17-22 illustrates the two types. 



ASYMMETRICAL HORN SYMMETRICAL HORN 

Fig. 17-22. Examples of symmetrical and asymmetrical dual-mode horns. 

Symmetrical Case. A circularly polarized field will Ix^ obtained on the jM'ak of the 
radiation pattern when the horn is fed through the Hcinari' wavcguiile with (xpial- 
amplitudo vertically and horizontally polarized modes arranges I to bt^ in (piadratun^. 
The radiated field will not, in general, be circularly polariz(‘d at. <)th<»r points on the 
radiation pattern because the vertically and horizontally iiolariztMl ra<liation patU'trns 
will have different beamwidths in almost any particular phuu^ of interest,. Such is 
the case because the horizontal dimension (for example) of tln^ api^rtun’* is an i?-plane 
dimension for the horizontally polarized field and an //-plaiu^ diinension for the verti¬ 
cally polarized field. Figure. 17-2;i illustrates a typical variation in (dlipticity as a 
function of position on the radiation pattern. 

There are two practical methods useful in compensating for tlu^ t.wo diiT(‘r(Mit beam- 
widths. Figure 17-24 shows the methods applied to the azimuth p/anr only of the 
horn of Fig. 17-23. In actual practice, it is necessary to apply oin^ of thi‘S(* metho<ls 
(usually method B) to the elevation plane as well as to the azimuth pinin'. 

Although the above two paragraphs have used the azimuth plains as an <*xainplc, the 
discussion is of course equally applicable to the elevation plane. 

* This section contributed by W. B. Offutt, 
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Fig. 17-23. Typical variation in polarization cllipticity. 



When designing a circularly polarized horn for some 
width, the standard design methods (such as m Chap. 10 and Ref. 19) am app , 
bearing in mind of course that an B-plane dimension for one polarization is an fl-ptone 
for the other and also bearing in mind the effects of any compensa g 
scheme such as shown in Fig. 17-24. 
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When the hom is designed for very broad beamwidths so that its aperture dimension 
is between X and X/2, it is usually not necessary to employ pattern compensation. 

When the horn is designed along conventional pyramidal or sectoral lines, phase 
tracking for the vertically and horizontally polarized fields is usually not a problem; 
that is, the radiation centers of phase for the two polarizations are sufficiently close so 
that differential phase-shift variations over the radiation pattern usually do not 
exceed about 10 to 15® within the tenth-power points on the beam. 

Horns are sometimes constructed with a wide flange around the aperture for mechan¬ 
ical reasons. Although control of the flange width may be used as a third method for 
pattern compensation, its use is not recommended because it will be ineffective on 
large horns and will have a degrading influence on phase tracking on small horns. On 
small horns especially, the flange width should be no larger than necessary. 



A IS DIFFERENTIAL PHASE SHIFT IN RADIANS 
Fio. 17-25. Method of determining differential phono nhift in a horn. 

Asymmetrical Case. The previous discussion is also applicable to Jisymnietrical 
horns, except that circularly polarized fields on the peak of the radiation pattern will 
not be obtained unless allowance is made for the diffcrctu^e in phase velocity of the 
vertically and horizontally polarized waves within the asymmetrical horn flare. This 
differential phase shift may attain quite largo values in some horns. For example, a 
measured differential phase shift of about 220° has been obsc^rvcul at 2,800 Me in a 
horn having a flare length of about 14 in., a width of 2.84 in., and a luight of 7.8 in. 

The magnitude of differential phase shift can be computed to an accuracy of per¬ 
haps 10 per cent by evaluating the integral 

Differential phase shift = f [/3(-0 — dt 
J Vpol Hpol 


in which L is the flared length of the horn, and |5(0 is based simply on the appropriate 
width of the flare and the operating wavelength. Figure 17-25 shows the information 
in detail. Note that the differential phase shift may vary fairly rapidly with fro- 
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quency. In the example mentioned above, the differential phase shift increased about 
16° for every 100-Mc decrease in frequency between 2,900 and 2,700 Me. 

Methods of Obtaining Quadrature. Quadrature phase relationship between two 
orthogonally polarized modes in round or square waveguide may be achieved by any 
of the following techniques: 

1. Rectangular or elliptical cross section 

2. Ridge guide 

3. Dielectric slab 

4. Multiple-lumped-clement loading 
6. Turnstile junction 

The choice of method must be based on the application, keeping such things in 
mind as ease of design, bandwidth, power-handling capacity, ease of adjustment, and 
ease of fabrication. Table 17-3 shows the trend of these characteristics in order. 


Table 17-3. Order of Preference of Methods for Obtaining Phase Quadrature 


Method 

Ease of 
design 

Bandwidth 

Power- 

handling 

capacity 

Ease of 
adjustment 

Ease of 
fabrication 
(small quantity) 

Rectangular or elliptical 






cross-section guide.... 

1 

5 

1 

5 

4 

Ridge guide. 

4 

3 

2 

2 

3 

Dielectric slab. 

5 

2 

5 

3 

1 

Multiple-lumped- 





o 

element loading. 

2 

1 

3 

1 

A 

Turnstile junction. 

3 

4 

4 

4 

5 


Note: This table is based on somewhat limited information and thoroforo indicates 
trends only. There is no assurance that the orders shown will bo precisely maintained for 


all circumstances. 


The first three methods above are based on causing the phase velocity of the verti¬ 
cally and horizontally polarized modes to be different within the same section of guide. 
This section of guide will then bo of different phase length for the two polarizations. 
Selection of the appropriate length to furnish the requisite differential phase shift is 
the last step in the design process. 

For example, a rectangular section of waveguide, carrying TEoi and TEio modes 
and having internal dimensions a and h, will produce differential phase shift at the 
rate of 

T [ - (^)‘ (^)*] 

The values for a, 6, and X must bo in the same units, of course. If such a section is to 
be connected to a square waveguide, it will be necessary to employ a suitable inter¬ 
mediate transformer section. Quarter-wavelength sections having an impedance 
equal to the geometric mean of the input and output impedances are satisfactory. 
Note that the differential phase shift (which can be computed with the aid of the above 
formula) of the transformer will contribute to the total. 

Ridge guide can be handled in the same manner as the above rectangular guide. 
In the ridge case, however, the quantities 2a and 26 in the above expression should be 
replaced with Xoutoff for TRoi and Xoutofi for TEio, respectively. ^ ^ 

Dielectric-slab loading in a square guide will also produce a difference in phase 
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a 


X 

Fig. 17-26. Differential phase shift in a partially loaded square waveRuido. 


THIS PAIR HAS 
"X“ UNITS OF 
SUSCEPTANCE-7 

if 


THIS PAIR HAS 
“X” UNITS OF 
^^USCEPTANCE 



PROBE 
, PAIR 
DOUBLET 



END 



ANCE 


ANCE 


ANCE 



^ qI ^ M M , I . L I .1. L 

0 0.2 0.4 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
”X" UNITS OF SUSCEPTANCE 


NOTE; PROBE SPAC- 
INGS SHOWN ARE 
AVERAGE VALUES. 
IMPROVED SWR 
PERFORMANCE CAN 
BE OBTAINED BY 
MORE CAREFUL 
SELECTION OF SPAC¬ 
ING BASED ON 
EXACT VALUE OF 
SUSCEPTANCE USED. 
VALUES SHOWN 
HERE WILL GENERAL¬ 
LY HAVE SWR WELL 
UNDER 1.5. 


Fig. 17-27. Probe phase-shifter design. 
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velocity for the two modes of interest. Figure 17-26 provides the pertinent informa¬ 
tion for a typical case. Just as above, it is necessary to provide means for obtaining 
an impedance match at each end of the phasing section. It is not sufficient as a rule 
to have the phasing section as a whole appear matched; it is important to have each 




Fia. 17-28, Suacoptanco aa a function of probe penetration. 
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IN SHORT CIRCUIT 
LOCATED |Xq FROM 
CENTER 


CIRCULAR POLARIZATION 
OUTPUT 


INPUT 



TERMINATED 
IN MATCHED 
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THIS ARM TERMINATED 
IN SHORT CIRCUIT 
LOCATED i\a FROM 
CENTER 


Fig. 17-29. Turnstile junction. 

end matched by itself. If this precaution “ ^ 

ficult to predict total phase shift, as well as the power-handling 

geometry. In short, adjustment, or tailonng, is difficult. Ihe power-na 

capacity will be somewhat lower also. anoPABofullv The 

Lmped^lement loading in a square guide has also been the 

use of probe pairs is particularly convenient. Pau j j.v _ j greater power- 
most convenient, with the latter providing Sreat« ^ « 17 27 shows the design 

handling capacity for a given differential phase shift ^^‘Sure n .27 shows th^^^^^ 
data for the doublet and triplet cases. The length of the probe necessary for a given 

value of siisceptance is shown in Fig. 17-28. ^ Icnown 

Circularly polarized waves can be generated direct^ m ® general 

as a turnstile junction (not to bo confused with tumstde antenna). The gene 

geometry is illustrated in Fig. 17-29. 
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Dual-mode Generation. This section has thus far concerned itself with the radia¬ 
tion and phasing of dual modes forming a circularly polarized wave. The generation 
of these two modes in a section of square (or round) guide can be accomplished in 
several ways, of which the two most common are: 

1. Coaxial cable probes at right angles 

2. Conventional rectangular waveguide inclined at 45® 

The second case is especially convenient because the ratio of magnitudes of the 
vertically and horizontally polarized waves can be altered merely by altering the 
inclination of the rectangular guide. 

In generating and guiding dual modes in square or round guide, care should be 
employed to keep the geometry symmetrical about each of the two principal longi¬ 
tudinal planes. Any asymmetry will tend to excite the TMu or TEu modes. For 
square or round guide, these two modes will usually not bo very far from cutoff. For 
example, in square guide, with dimensions a high and a wide, cutoff for the TEoi and 
TEio modes occurs at X = 2a. The cutoff for TMu and TEn occurs at X = 2 a, 
or only about 41 per cent above cutoff for the dominant modes. 



SWR 

Fig. 17-30, Possible phase variation with SWR. 

In all the discussion above concerning phase shift, it has been assumed that there 
is an impedance match for both of the generated dual modes. The existence of mis¬ 
match may produce an unexpected alteration in the phase shift. For example, if 
there is a perfect match for both the vertically and horizontally polarized modes, and 
the differential phase shift noted, the appearance of a mismatch in one of the modes 
may produce a change in differential phase shift as shown in Fig. 17-30. If the same 
magnitude mismatch appears in both modes, the change may be as largo as twice that 
of Fig. 17-30. 

At the time of this writing, it appears that significant contributions to the circular- 
polarization art may come about through the use of ferrites. So far, ferrite phase 
shifters similar in general appearance to the dielectric-slab configuration above have 
been the most common application of ferrites to this field. Difficulties include power 
limitation and temperature instability. It is probable that more extensive and inter¬ 
esting application of ferrites will be made to the circular-polarization art within tlie 
next five years. 

17.6. TRANSMISSION-TYPE POLARIZERS* 

Transmission-type polarizers are designed to take existing linearly polarized energy 
and transform it into circularly polarized energy. The advantage of such polarizers 

* This section contributed by W. H. Yale. 
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is that their design is relatively independent of the characteristics of the source of the 
wave on which they operate. The disadvantage is that this type of polarizer tends to 
be quite large physically and difficult to modify or adjust. 

A transmission-type polarizer is a structure that exhibits a differential phase shift 
to two mutually perpendicular electric vectors. This differential phase shift is then 
adjusted to be 90®, and assuming the two perpendicular vectors are equal in magnitude, 
circular polarization results. 

The simplest type of polarizer is a parallel-metal-plate structure (Fig. 17-31). In 
this structure, the incident linearly polarized energy is inclined at an angle of 46® to 
the plane of the metal plates, so that there are two equal field components, one parallel 


LINEAR POLARIZATION 
PARALLEL 




to the plates and one perpendicular to the plates. The component perpondicxilar to 
the plates will pass through the structure undisturbed, while the component parallel 
to the plates will sec a parallel-plate waveguide structure, and hence a phase shift 
relative to free-space propagation. If the spacing and length of the plates are adjusted 
so that the field parallel to the plates is advanced X/4 (90®) in phase with respect to the 
field perpendicular to the plates, the two fields at the exit of the plates are now in 
spaco-and-time quadrature, and hence result in a circularly polarized wave. This 
structure is commonly referred to as a “quarter-wave plate.” 

The parallel plate structure is an anisotropic dielectric, with a dielectric constant 
less than unity. Any anisotropic dielectric, regardless of dielectric constant, will act 
as a transmission-type polarizer, provided that the amplitude and phase requirements 
are met. 
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There are several ways to produce an anisotropic dielectric: (1) parallel metal 
plates,(2) parallel dielectric plates*^ (Fig. 17-32), and (3) a lattice structure com¬ 
posed of strips or rods.*®-*® The differences between the three methods are frequency 
sensitivity, weight, and ease of design, since the size remains relatively constant for a 
given application. The first two methods are the heaviest, while the last two are the 
least frequency-sensitive. The three methods are listed in order of the complexity 
of their design. 



piqqiqo iqojqqiqpiqpiT) piq Oioo 


FREQUENCY IN Kmc 

Fig. 17-32. Parallel-dielectric-platc polarizer. 

The transmission-typo polarizers are applicable to radars (unploying lino sources, 
in which the individual elements cannot be readily circularly i)olariz(ul. 

17.7. REFLECTION-TYPE POLARIZERS* 

Reflection-type polarizers are essentially transmission-type polarizcTs cut in half 
and placed on a conducting sheet. 

The simplest type of reflection-type polarizer is a series of motal vanes on a con¬ 
ducting sheet.®® These vanes are one-oighth-wavelength high. The incident energy 
is polarized at 45® to the vanes, so that the component parallel to the vanes is rellecited 
by edges of the vanes and the component perpendicular to the vanes is reflected by 
the conducting sheet, thus delaying it 90® with respect to the parallel component and 
producing circular polarization. 

Another method of obtaining circular polarization utilizes the difference in phase 
between the perpendicular and parallel components, when totally refleet<‘(l from the 
surface of a lossless dielectric.“ This occurs if the dielectric constant e is greater than 

5.8. The angle at which this occurs is given by sin® do => 2/(6 4- 1). 

17.8. RADAR PRECIPITATION-CLUTTER SUPPRESSION f 

Precipitation clutter is the name given to the radar echo from such targets as rain, 
snow, etc. It is not unusual for a radar to be rendered useless because pn^upitiition 
clutter is sufficiently strong and extensive to hide the presence of a desirc’id targe^t 
(such as an aircraft). Because raindrops are substantially sphericjal (or at hiast much 
more so than an aircraft), they qualify as symmetrical reflectors. As mentioned in 
Sec. 17.1, a circularly polarized antenna is unable to see its own image in a symmetrical 
reflector. Therefore, if the radar antenna is circularly polarizcMl, the echo from a sym¬ 
metrical target such as a spherical raindrop will be circularly polarized with tlu^ wrong 

♦ This section contributed by W. H. Yale. 

t This section contributed by W. B. Offutt. 
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sense to be accepted by the antenna and will not be received. The echo from a com¬ 
posite target such as an aircraft will have scrambled polarization and will usually 
contain a polarization component to which the circularly polarized radar antenna 
can respond. 

In other words, then, if the radar antenna is perfectly circularly polarized and the 
clutter is caused by spherical raindrops, the clutter cancellation will be perfect, ena¬ 
bling the presence of an otherwise hidden 
composite target to be detected. When 
the radar antenna is clliptically polarized, 
the cancellation of an echo from sym¬ 
metrical targets will not be complete; 
also, if the antenna is circularly polarized 
and the target is not symmetrical, cancel¬ 
lation will not be complete. 

Cancellation Ratio. Cancellation ratio 
is defined as the ratio of radar power 
received from a symmetrical target when 
using a prccipitation-clutter-suppression 
technique to the power received from the 
same target when not using the suppres¬ 
sion technique. Figure 17-33 shows can¬ 
cellation ratio as a function of the polarization ellipticity of the antenna illuminating 



ELLIPTICITY IN DB 


Fia. 17-33. Cancellation ratio as a function 
of polarization ellipticity. 


the symmetrical target. 

Cancellation of Various Targets. Table 17-4 shows the extent of cancellation of 
various targets when the antenna is perfectly circularly polarized. 


Table 17-4L Cancellation of Various Targets for Circular Pol^ation 

Retutn usino circulctr polarization rdative to 
Target return using linear polarization 


Sphere. 

Disk facing radar. 

Large sheet facing radar. 

Wire grating facing radar (wires parallel 
to linear polarization for that case)... 

Doublo-bounce corner reflector. 

Triple-bounce corner reflector. 


Complete cancellation 
Complete cancellation 
Complete cancellation 

6-db cancellation 
Zero cancellation 
Complete cancellation 


Integrated CanceUation Ratio. A suitable figure of merit for circularly polarized 
radar antennas is the integrated cancellation ratio. The integrated cancellation ratio 
is defined as ratio of radar power received with circular polarization to the radar power 
received with linear polarization when the antenna, in both instances, is completely 
surrounded by an infinite number of randomly distributed small symmetrical targets. 
The integrated cancellation ratio places proper emphasis on the necessity for having 
the radar beam circularly polarized all over, and not just on its peak, ^e rain cloud 
causing the clutter does not exist only on the beam peak; therefore it is necessary to 
have the complete beam circularly polarized if the most effective cancellation is to 
be obtained. 

Table 17-6 shows a chart form useful in computing the integrated cancellation ratio 
from a set of point-by-point measurements on the radiation pattern. 

With careful design, integrated cancellation ratios of 30 or 35 db can be obtained 
with large reflrfctor-type antennas. For operation over a 5 or 10 per cent b^d, and 
because of the nonideal shape of normal raindrops, an integrated cancellation ratio 
of 20 db is usually considered to be adequate. It is fairly safe to assume that the 
integrated cancellation ratio is the limit of performance that can be expected with a 
given antenna; usually the actual performance will be somewhat poorer because of 
nonideal shape of the water particles. 
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Table 17-6. Chart Form for Integrated-cancellation-ratio Computation 


Azimuth 
angle, 0 

" 1 

Eleva¬ 
tion 
angle, B 

Sin 9 

One-way 

response 

One-way 

response 

Total power returned, 
(Pmax + Pmin)* Sin 6 

Total power received, 
(Pmax “■ Pmin)* sin 9 

Pmax, 

db 

Pmin, 

db 

Pmax 

Pmin 










2 




Integrated cancclUtion ratio - ? total Power received 
2 total power returned 

Notbs: 

1. 0 is the azimuth angle of the point on the beam being measured. 

2. 9 is the elevation an^e of the point on the beam being measured. It is measured from the vertical • 

that is, straight up is zero. * 

3. One-way response in decibels is the signal (usually referred to the peak of the beam) measured by 
a linearly polarized rotateble antenna placed at a suitable distance from the oiroularly polarized antenna 
being measured. Pm#* is the maximum response obtained as the linearly polarized antenna is rotated to 
investigate the polarization elUpticity, Pmin is the minimum response obtained as the linearly polarized 
antenna is rotated. 

4. The ^ond "one-way-response" pair of columns is for the power ratio associati^d with the decibel 
values m the preceding columns. If the data are taken directly in power, the decibel columns need not 
be used. 


REFERENCES 


1. G. A. Deschamps: “A Now Chart for tho Solution of Transmission-line and Polariza¬ 
tion Probloms,” Elec. Commun., Septomber, 1953, pp. 247-254. Discussion of this 
^op^erties of a chart formed by tho orthographic projection of the Poincard sphere. 

2. W. Sichak and S. Milazzo; “Antennas for Circular Polarization," Proc. IRE, August, 
1948,^ pp, 997—1001. Derivation of expression for voltage induced in an arbitrarily 
polarized antenna by an arbitrarily polarized wave, plus typical applications. 

a- “ Elliptically Polarized Waves,” Proc. IRE, December, 1950, p. 1455. 

Simplified derivation of expression for voltage induced in an arbitrarily polarized 
antenna by an arbitrarily polarized wave. 

4. G. Sinclair; “The Transmission and Reception of Elliptically Polarized Wavers," 
Proc. IRE February, 1960, pp. 148-161. Definition and dovclopinont of a complex 
effective height which describes antenna performance for arbitrary polarization 
characteristics. 

6. J. I. Bohnert: “Measurements on Elliptically Polarized Antennas,” Proc. IRE May, 
1951, pp. 649-562. Description of measurement techniques for (dliptically polar¬ 
ized antennas using both circular and linear components. Definition of gain and 
beam width. 


6 . 


7. 


M. G. Morgan and W. R. Evans: “Synthesis and Analysis of Elliptic Polarization Loci 
CK?® of Space-Quadrature Sinusoidal Components,” Proc. IRE, May, 1951, pp. 
552 556. Development of tho polarization ellipse from two and three orthogonal com¬ 
ponents. A rectangular-polarization chart is also shown. 

T*i^' H. T. Friis; “Antennas: Theory and Practice,” pp. 390-393, 

John Wiley & Sons, Inc., New York, 1952. Calculation of transmission between 
two elliptically polarized antennas. Definition of a complex radiation vector to 
facilitate above calculation. 



REFERENCES 


17-25 


8. V. H. Rumsey: “Transmission between Elliptically Polarized Antennas,” Proc. IRE^ 
May, 1951, pp. 635-540. Development of the analogy between impedance and 
polarization concepts and application of the analogy to transmission and reception 
between two elliptically polarized antennas. 

9. G. A. Deschamps: “Geometrical Representation of the Plane Electromagnetic Wave,” 
Proc, IRE, May, 1961, pp. 640-544. Description of the use of the Poincar6 sphere for 
polarization manipulations and illustration of both orthographic and stereographic 
projections of this sphere on a plane. 

10. M. L. Kales: “Elliptically Polarized Waves and Antennas,” Proc. IRE, May, 1951, 
pp. 544-549. Development and application of a complex-vector algebra particularly 
suited for circular-polarization problems. 

11. J. A. Stratton: “Electromagnetic Theory,” pp. 279-280, 499-600, McGraw-Hill Book 
Company, Inc., New York, 1941. Mathematical definition of an elliptically polarized 
wave and discussion of formation of a circularly polarized wave by total reflection 
from a dielectric interface. 

12. S, A. Schelkunoff: “Electromagnetic Waves,” pp. 248-249, C. Van Nostrand Com¬ 
pany, Inc., Princeton, N.J., 1961. Mathematical definition of an elliptically polarized 
wave. 

13. Y. C. Yeh: “The Received Power of a Receiving Antenna and the Criteria for its 
Design,” Proc. IRE, February, 1949, pp. 156-168. Development of formulas for 
transmission and reception between two antennas of arbitrary polarization and applies^* 
tion to practical problems. 

14. C. E. Smith and R. A. Fouty: “Circular Polarization in F-M Broadcasting,” Elec¬ 
tronics, vol. 21, pp. 103-107, September, 1948. An application of the slotted cylinder 
for a circularly polarized omnidirectional antenna. 

15. A. J. Simmons: “Circularly Polarized Slot Radiators,” IRE Trans., vol. AP-5, no. 1, 
pp. 31-36, January, 1957. A theoretical and experimental investigation of producing 
circular polarization by using two crossed slots in the broad wall of a rectangular 
waveguide. 

16. J. D. Dyson: “The Equiangular Spiral Antenna,” Univ. Illinois, Antenna Lab., TR 21, 
September 16, 1957. A comprehensive experimental investigation of the pattern and 
impedance properties of equiangular spirals. 

17. V. H. Rumsey: “Frequency Independent Antennas,” IRE National Convention 
Record, pt. I, pp. 114r-118, 1957. An excellent theoretical treatment of antennas 
whose pattern and impedance characteristics are independent of frequency. 

18. G. H. Brown and 0. M. Woodward, Jr.: “Circularly-polarized Omnidirectional 
Antenna,” RCA Reo., vol. 8, pp. 269-269, June, 1947. A theoretical and experimental 
investigation of a circularly polarized antenna system consisting of four inclined 
dipoles arrayed around a mast. 

19. D. R. Rhodes: “An Experimental Investigation of the Radiation Patterns of Electro¬ 

magnetic Horn Antennas,” Proc. IRE, September, 1948, p. 1103. Design data for 
horns. , 

20. W. P. Ayres: “Broadband Quarter Wave Plates,” IRE Trans, on Microwave Theory 

Techn., October, 1957, pp. 258-261. Design data on dielectric-slab quarter-wave 
plates for use in dual-mode waveguide. , • 

21. H. S. Kirschbaum and L. Chen: “A Method of Producing Broad-band Circular Polari¬ 

zation Employing an Anisotropic Dielectric,” IRE Trans, on Microwave Theory Tech., 
July, 1957, pp. 199-203. Design data on dielectric quarter-wave plates for use in 
dual-mode waveguides and windows. m 

22. 0. M. Woodward: “A Circularly Polarized Corner Reflector Antenna,” IRE Trans, 
on Antennas and Propagation, July, 1957, pp. 290-297. 

23. H. N. Chait: “An Arbitrarily Polarized Antenna for Use at X-Band,” Naval Research 
Lob. Rept. 3416, Mar. 16, 1949. Use of hybrid and phase shifter to provide excitation 
for dual-mode horn. 

24. P. A. Crandell: “A Turnstile Polarizer for Rain Cancellation,” IRE Trans, on Micro- 
wave Theory Tech., January, 1955, p. 10. Description of turnstile polarizer in X-band 

radar antenna. mn m 

26. D. L. Margerum: “Broadbanding Circular Polarization Transducers,” IRE Trans, on 
Microwave Theory Tech., November, 1963. Discussion of tapered-elliptical and dielec¬ 
tric-slab phase-shifting sections. 

26. J. lluze: “Metal Plate Optics,” Proc. IRE, January, 1960, p 63. The design equations 

for constrained metal-plate lenses are derived. -i tj i • 

27. H. S. Kirschbaum and L. Chen: “A Method of Producing Broad-band Circular Polari¬ 
zation Employing an Anisotropic Dielectric,” IRE Trans, on Mi^owave theory 
Tech., July, 1967, pp. 199-203. A procedure is described whereby it is possible to 



17-26 METHODS OF OBTAINING CIRCULAR POLARIZATION 

design circular polarizers for both waveguide and window form to be used over a 
broadband of frequencies. 

28. J. A. Brown: “The Design of Metallic Delay Dielectrics,” Proc, I EE (London), pt. Ill, 
vol. 97, no. 46, p. 46, January, 1960. A theory of metallic delay dielectrics, which is 
more accurate than existing theories and is based on an analogy with shunt-loaded 
transmission lines, has been developed for the simplest case, when the delay medium 
consists of an array of infinitely long conducting strips. (See also Chap. 14). 

29. H. S. Bennett: “The Electromagnetic Transmission Characteristics of tho Two-dimen¬ 
sional Lattice Medium,” J. Apjd. Phys., vol. 24, no. 6, p. 786, June, 1963. The 
behavior of the two-dimensional lattice medium is investigated in the presence of 
electromagnetic energy. 

30. J. F. Eamsay: “Circular Polarization for C. W. Radar,” Marconi’s Wireless Telegraph 
Co., Ltd., 1962. Proceedings of a conference on centimetric aerials for marine naviga¬ 
tional radar, held June 16-16, 1960, in London. 

31. W. B. Offutt: “A Review of Circular Polarization as a Means of Ih-ccipitation-clutter 
Suppression and Examples,” Proc. Natl. Electronics Conf., vol. 11, 1966. 



Chapter 18 

FREQUENCY-INDEPENDENT ANTENNAS 


Gbobges a. Deschamps 
University of Illinois 

Electrical Engineering Research Laboratory 
Urbana, Illinois 

and 

Raymond H. DuHamel 

Collins Radio Company 
Cedar Rapids, Iowa 


18.1. Basic Principles. 18-2 

18.2. Equiangular Antennas. 18-3 

General Characteristics. 18-3 

Geometry. 18-3 

Pattern Rotation. 18-5 

Practical Structures. 18-6 

Planar Structures. 18-5 

Impedance. 18”5 

Radiation Pattern. 18-9 

Design Considerations. 18-9 

Nonplanar Structures. 18-10 

18.3. Log-periodic Antennas. 18-10 

General Characteristics. 18-10 

Practical Structures. 18-11 

Self-complementary Structures. 18-14 

Element Characteristics. 18-15 

18.4. Arrays of Log-periodic Elements. 18-17 

Two-element-array Pattern Characteristics. 18-17 

Two-clcment-array Impedance Characteristics. 18-19 

Multielement Arrays. 18-21 

Design Procedure. 18-23 

18.5. Special Applications. 18-24 

Arrays over Ground. 18-24 

Feeds for Reflectors and Lens. 18-26 

H-F Communications Antenna. 18-30 

Omnidirectional Antenna. 18-30 

Circularly Polarized Antenna. 18-31 






























18-2 


FEEQUENCY-INDEPENDENT ANTENNAS 


18.1. BASIC PRINCIPLES 

The two types of antennas described in this chapter are capable of bandwidths of 
operation that were believed impossible a few years ago. Both represent the develop¬ 
ment of relatively simple yet powerful ideas. 

The first ideal evolves from the observation that the properties of an antenna 
mpedance and pattern, are determined by its shape and by its dimensions evaluated 
in wavelength. If by an arbitrary scaling the antenna is transformed into a structure 
equal to the original one, its properties will be independent of the frequency of opera¬ 
tion. The antenna then satisfies the angle condition, which means that its form can be 
specified entirely by angles only and not by any particular dimension. There are 
two classes of antennas satisfying this condition. Conical antennas made up of infinite 
cones of arbitrary cross section having a common apex and equiangular arUennas 
having their surfaces generated by equiangular spirals having a common axis and 
the same defining parameter. 

The second idea* is that if a structure becomes equal to itself by a particular 
of Its dimensions, by some ratio r, it will have the same properties at a frcquency/and 
at the frequency t/. It results from this that the impedance, or any other character¬ 
istic, is a periodic function, with the period log r, of the logarithm of frequency. The 
antennas obtained from this principle are called log-periodic. By TYinL-mg , close 
^ough to 1, the variation of the properties over the frequency band (/,t/), and there¬ 
fore everywhere, can be expected to be small. In practice, even with t not very close 
to 1, good frequency-independent behaviom are observed. 

To conform to the conditions stated above, equiangular as well as log-poriodic 
structures should extend from the center of expansion 0, which is also the feed point 
up to mfinity. A practical antenna is obtained by taking a section of the ideal infinite 
structure contained between two spheres of center 0 and of radii r, and r j, respectively 
Inside the smaller sphere is the feed region where the infinite structure, which ideally 
should converge to the point 0, is replaced by some coupling mechanism to the feed 
transmission line or waveguide. The length r, determines the highest frequency of 
operation fi of the antenna by the condition that n must be small enough, compared 
With the wavelength Xj, to make the exact shape of the coupling mochanism have 
little influence on the impedance or on the resulting current distribution over the 
antenna. Ultimately the dimension r, is fixed by the size of the waveguide or trans- 
mission line connected to the structure. 

The outside dimension of the antenna, specified by the radius n, determines the 
lowest frequency of operation by the foUowing considerations. It is observed for 
some strootures, that the currents (or the field components near to the matluial 
boundaries of the structure) decrease rapidly with the distance to the center Tims 
It becomes possible to cut off the structure at the distance where tlicse currents are 
so small with respect to the current /, at the feed point that they can be suppressed 
without changing appreciably the radiation pattern or the impedance seen at the feed 
point. For a given frequency the distance at which this happens is proportional to 
the correspondmg wavelength. Thus the lower cutoff frequency may be decreased 
at will by increasing the size of the antenna. 

The rapidity of decrease of the currents with distance depends on the particular 
structure considered. For conical antennas excited at the center point, the field is 
transverse to the radial direction and decreases only as the inverec of the distance r to 
the center. 1i^en taking a finite portion of such an antenna, however largo, the end 
effect wdl produce variations of the radiation pattern. Equiangular and some log- 
periodic antennas, on the other hand, exhibit a decrease of current with distance 
faster than 1/r. The end effect becomes negligible at a distance, in wavelength, 
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depending on the exact shape of the stnicturc. Thus some antennas will be more 
compact than others for a given frequency X 2 and a given relative importance of end 
effect. 

A property common to both types of antennas and related to the absence of end 
effect is that the radiation field must bo substantially zero in the direction of the con¬ 
ductors forming the structure, seen from the center point. 

For log-periodic structures another concern of importance is the variation of imped¬ 
ance or pattern over a period. Not all log-periodic structures are equally good from 
this point of view, but it is remarkable that, for some of them, very uniform perform¬ 
ances are obtained even when the ratio t is not close to 1. 

Some relations between the two types of antennas should be noted. Equiangular 
antennas are special cases of log-periodic antennas with a period log t = 2Tca {a 
defined below). This property is not destroyed if the cones of revolution on which the 
spirals lie are distorted or given different axes. For example, one cone may be flat¬ 
tened, or several equiangular spiral arms with the same apex but different axes may 
form an array having the log-periodic property. 

A class of log-periodic elements is obtained by taking a section of a solid equiangular 
structure by a plane passing through its axis. The structures in Figs. 18-10c and 18-lOd 
have this property. Besides reproducing themselves by expansion in the ratio t, 
these structures will also reproduce by a reflection through the axis followed by an 
expansion in the ratio r^. Antennas made of such elements usually exhibit smoother 
impedance characteristics than those that are simply log-periodic. 

Although, strictly speaking, none of the finite-size antennas considered is truly fre¬ 
quency-independent over the range 0 to 00 , the name is justified because the possibili¬ 
ties for increasing the bandwidth are almost unlimited. Without changing the design, 
but simply by adding some turns to the spirals or some sections to the log-periodic 
antenna, any desired bandwidth can be achieved. 

18.2. EQUIANGULAR ANTENNAS 

General Characteristics. The structure of an antenna satisfying the angle condi¬ 
tion must be such that if it is expanded in an arbitrary ratio r about the feed point 0, 
the configuration obtained becomes congruent to the original one. Either it will coin¬ 
cide with the original structure, or it will coincide with a structure deduced from the 
original one by a rotation about some axis D passing through the point 0. 

The first condition is satisfied by conical structures having a common apex. Anten¬ 
nas obtained by taking finite sections of such structures, the discono antenna, for 
example, have indeed broadband properties. ^ However, they are not frequency- 
independent in the sense discussed in the preceding section since any finite portion, 
however large, will show end effects. The bandwidth therefore cannot be increased 
at will by increasing the size. 

The other type of structure (equiangular) has been characterized by Rumsey.^ He 
has shown that the following conditions must be satisfied: 

1. The axis of rotation D must be independent of t. 

2. The angle of rotation about D must be proportional to the logarithm of t. 

T = (lg-1) 

These equiangular structures, in contrast to the conical ones, show proper attenua¬ 
tion of the current with distance (with varying degree, according to the parameters 
of the structure) and lead to frequency-independent antennas. 

Geometry. Using D as the z axis in a conventional system of spherical coordinates, 
the property may also be expressed by stating that the surfaces bounding the antenna 
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must have equations of the form 


F{e, re--*) = 0 (1&.2) 

where F is an. arbitrary function and a is a constant. 

The rotation expansion T* resulting from a rotation about D through the angle 0, 
followed (or preceded) by an expansion about 0, in the ratio t » e-*, will carry the 
structure onto itself. (The exponential notation T* is justified by the obvious property 



Starting from an arbitrary point ilf, the point as is 

varied, will describe an equiangular spiral, either in the plane 2 = 0 or on a cone of 
revolution having D as axis. All surfaces of an antenna satisfying llumscy’s condition 
will be generated by such spirals having a common axis and the same parameter a. 
Figure 18^1 shows an equiangular spiral. It is drawn on a cone of revolution about 

A 


and its equation is 
or 


a - ffo 

r = roe®* 
P = poe®* 


(18-3) 

(18-4) 

(18-5) 


The spiral is called equiangular because it makes a constant angle ^ with the radius 
vector. 


tan ^ = 


sin gp 
a 


(18-6) 


The arc length s from the origin 0 is finite and proportional to the distance r. 

r 


8 


COS ^ 


(18-7) 
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The projection of the spiral on the xy plane is also equiangular with the same parame¬ 
ter a. In the plane 2 — 0 the equiangular spirals with the paramenter 

a' - I (18-8) 


are orthogonal to those with parameter a. On the cone B 
orthogonal set have the parameter 

' = — sin^ gp 
a 


Bo the spirals of the 


(18-9) 


Pattern Rotation. When the infinite structure is fed at the center by a constant 
current source of unit intensity, the electric field at frequency /, at some point M, is 
E(M,/). If the frequency is changed to /' = //t, which amounts to a scaling r of the 
dimensions, the field becomes 

E (M,^ /) (18-10) 

where the rotation expansion T* corresponds to ^ = (1/a) In t. 

The radiation pattern is defined by the field on a large sphere of radius H. 

p-ihR ^ 

^ [iPe{6,v) + (18-11) 

(9 and $ nro unit vectors in direction of coordinates.) The relation (18-10) implies 
that both function P 9 and satisfy the relation 

P(9, =p(fi.v-^lnr,/) (18-12) 

When the frequency is changed from f to ffr^ the pattern is rotated about D through the 
angle (l/o) In t. For finite structures this has been verified experimentally over the 
bandwidth of operation of the antenna. 

Practical Structures. Simple practical structures arc made of conducting wires or 
of metallic sheets. Although ideally the wires or the sheets should be tapered accord¬ 
ing to distance to satisfy the equiangular condition, in practice a wire of constant radius 
or a sheet of constant thickness may be used over moderately wide frequency bands 
5:1 or 10:1). 

The structures on which most data have been collected^*® are variants of the dipole 
(where the two halves have been twisted into a pair of equiangular arms) or of the 
slot antenna (where the edges of the slot arc equiangular spirals extending from the 
feed point). Some multiarm structures have also been considered. 

Planar Structures. The planar structures are made of two symmetrical equiangular 
arms as shown in Figs. 18-2 and 18-3. 

Parameters defining the infinite structure are: 

1. The rate of spiral 1/a which defines the expansion ratio corresponding to the 
rotation It also determines the angle ^ = tan"' (l/o) at which radial lines cut the 
spirals. 

2. The arm width specified cither by the angle 6 or by the ratio K = e~^. When 
d < 90°, the structure may be considered as a slot of angular width 180° — S rather 
than as a dipole. Figure 18-6 gives a conversion from a and 8 to K and to 

The finite antenna is described by the cutoff radii ri and r^ and the exact manner in 
which it is terminated outside of this section. If the structure is large enough to 
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accommodate the given frequency band, the exact shape of the termination does not 
matter. 

The antenna may be fed by a balanced line brought into the center point along the 
axis. A method to be preferred, which does not disturb the field as much, consists of 
using a coaxial cable embedded into one arm of the spiral. Because of the rapid 
attenuation of the fields with distance along the spiral, no appreciable current flows 
in the free parts of the cable. For symmetry a dummy cable is sometimes soldered to 



the other arm of the spiral in a similar configuration. Figure 18-4 shows the feed 
region of the antenna shown in Fig. 18-3. 

The decrease of currents on the antenna, with distance to the center, appears to be 
approximately exponential. It is less rapid for narrow-arm or narrow-slot structures 
and increases with the rate of spiral 1/a. On a wide arm the decrease is faster on the 
inner edge than on the outer one. The phase velocity for the currents along the 
antenna is close to free-space velocity at the center and increases with distance. 

Impedance. The impedance for the infinite equiangular structure is real and 
independent of frequency. (If the structure has more than two terminals, this is true 
of the impedance matrix.) 

Practical antennas differ from this ideal because they are finite and Ixuuiuse the 
sheets or the wires are not tapered. In spite of this difference, standing-wave ratios 
close to unity may bo obtained over the band of operation. 

The thin two-armed symmetrical planar antennas with 5 = 90® being self-comple¬ 
mentary should have an impedance of GOtt ohms. Values observed experimentally 
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Fig. 18-3. Two-arms equiangular antenna 
cut in a metal platen 



Fig. 18-4. The feed region of antenna in 
Fig. 18-3. 



(c) 8o=I5® 



(d) 8o=IO® 



Fig. 18-6. Typical radiation patterns as a function of the cone half angle. The patterns 
shown arc those of tint E^, field versus B. The Eo patterns are very similar. Both are 
essentially independent of 0. The spiral arm had a ratio K « 0.925 and made the angle 
\ff » 73® with the radius vector. 
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Fio. 18-6. Design chart for two-arms antenna: 

D Outer diameter of structure. 

d Cable diameter of minimum arm width. 

K Ratio of distances from the center to the edges of the slot. (To find this ratio for an 
arm read the arm angle 5 a on hn scale.) 
ri Radius of feed region. 

^ Constant angle between an equiangular spiral and the radius vector. 


ARM ANGLE \ 
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(about 120 ohms) are lower because of the presence of the cable feeding the structure. 
Narrow-arm structures have higher impedances. 

Radiation Pattern. A typical radiation pattern for the planar structure is shown 
in Fig. 18-5a. The field is practically circularly polarized over the frequency band of 
operation. (The axial ratio of the field on the axis is a convenient criterion for defining 
the edges of the band.) 

The pattern does not change much with the parameters a and 5 of the structure. It 
is more closely circular for high rate of spiral. For low rates of spiral the pattern 
shows asymmetry and its rotation with frequency may be observed. 



Fio. 18-7. Equiangular spiral on a cone. Fio. 18-8. Conical equiangular antenna 

made of coaxial cables. 

The currents on the antenna have odd symmetry with respect to the axis D; the 
field everywhere has the same symmetry and therefore does not contain any multipole 
components with variation, where m is even. In particular, there is np dipole 
moment along D either electric or magnetic. The patterns obtained experimentally 
are fairly well represented by electric and magnetic dipoles perpendicular to D. 

Design Considerations. The problem is to design an antenna of the type described 
above with frequency-independent behavior over a band /2 to /i. 

The high-frequency cutoff /i being given, the radius of the feed region must be small 
compared with the wavelength (ri Xi/8, for example). If the feed line is a coaxial 
cable embedded in one of the arms, the arm width at the radius ri must be at least 
equal to the coaxial-cable diameter d. Lines of constant d/ri are shown in Pig. 18-0. 
For a given diameter d of cable and a given ri, determined by Xi, the acceptable pairs 
(a, 3) lie below the corresponding d/vi curve. 

The low-frequency cutoff is linked to the attenuation along the spiral, which in 
turn depends on a and 3. The diameter of the antenna in wavelength, 2r2/X2, at the 
lower edge of the band becomes a function of a and 3 once the performance of the 
antenna at frequency /2 has been specified. The curves 2r2/X2, labeled D/X on Fig. 18-6, 
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have beea constructed using as a criterion of performance the condition that the axial 
ratio should be less than 2 in the direction of the axis. For other performance require¬ 
ments these curves indicate only the order of magnitude of the diameter D. 

The ratio (ri/ri)/(fi/f 2 ) « dimension ratio/frequency ratio may be taken as a 
figure of merit of a particular structure, indicating how compact the antenna can be 
made for a given bandwidth. This ratio is normally close to 1 and larger. 

Nonplanar Structures. The balanced two-arms equiangular antenna may be 
wrapped on the surface of a cone of revolution as shown in Fig. 18-7. The resulting 
pattern becomes unidirectional, with the major lobe in the direction of the apex. It is 
still substantially circularly polarized over a wide portion of the pattern. The pattern 
is usually smoother than for the bidirectional or planar antenna. Successful antennas 
have been made replacing the tapered arm by a pair of spiral coaxial cables, one of 
them being used as the feed line as shown in Fig. 18-8. Variations of the pattern with 
cone angle are shown in Fig. 18-5. The design considerations discussed above apply 
to these structures if a is replaced by a/sin ^o. 

For a sufficient rate of spiral the pattern remains circularly polarized a long way off 
the axis, and because of the odd symmetry of the currents, there is no dipole moment 
along the axis. When the antenna is rotated about the axis through some angle a, 
the phase of the field in the main lobe changes also by a. This property may be used 
for phasing the elements of an array. 

18.3. LOG-PEMODIC ANTENNAS 

General Characteristics. The geometry of log-periodic antenna structures is 
chosen so that the electrical properties must repeat periodically with the logarithm of 
the frequency. Although this appears to be a backward approach to the broadband- 
antenna problem, nevertheless frequency independence can be obtained when the 
variation of the properties over one period, and therefore all periods, is small. The 
log-periodic design principles are illustrated in Fig. 18-9. A metal-sheet log-periodic 
structure with trapezoidal teeth is shown in Fig. 18-9a. The two half structures are 
fed against each other by a generator placed between their vertices. The four sots 
of teeth are defined by similar curves, the equations for which may be written in polar 
coordinates as 5 « ( 7 (r), where gir) is some function of r. If 0 is plotted vs. the In r 
in rectangular coordinates, that is, 0 = /(In r), then the log-periodic principles demand 
that / be a periodic function. This is illustrated in Fig. 18-96 where the two curves 
which define the upper half structure of Fig. 18-Oa are plotted vs. the In r. Lotting 
r = Rn+i/Iinj where is the distance from the vertex to the outer edge of the 
tooth, it is seen that the period of the curve is In (1/t). Other shapes of teeth, such lus 
triangular or curved teeth, lead to other typos of periodic curves when 0 is plotted vs. 
logarithm of r. It may be seen that the logarithmic principle implies two conditions. 
The first is that all similar sets of dimensions, such as Hi, Rz, Rz, etc., must form a 
geometric sequence with the same geometric ratio t. The second is that angles arc 
used to a considerable extent in defining the antenna. For example, the extremities 
of the teeth and the triangular supporting section of the teeth are defined by angles. 

Now if the antenna structure of Fig. 18-9a were infinitely large and infinitely precise 
near the feed point, it is easily reasoned that the structure must look exactly the same 
to the generator every time the frequency is changed by tlie factor t. Th(i current 
distribution on the structure at t/o is identical with that at/o except that everything is 
moved out one step. Thus, since the wavelength has changed by a proportionate 
amount, the radiation pattern and the input impedance must be the same at t/o and /o. 
This is illustrated in Fig. 18-9c where the magnitude of the input impedance varies 
periodically with the logarithm of frequency. Because of the special left-right 
asymmetry of the structure of Fig. 18-9a (with fn = Vr Rn), the period of the imped- 
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ancc curve is H In (1/r) rather than In (1/r). The radiation pattern also exhibits a 
similar periodicity with frequency, but with a period equal to In (l/r). 

If the variation of the impedance and pattern is small over a period, and therefore 
all periods because of the repetitive characteristics, it is seen that the result is essen¬ 
tially a frequency-independent antenna. Fortunately, some finite log-periodic struc¬ 
tures provide frequency-independent operation above a certain low-frequency cutoff, 
which occurs when the longest tooth is approximately one-quarter wavelength long. 
Frequency-independent operation above the cutoff frequency is possible because log- 
periodic antennas display little end effect. It is found that the currents on the struc¬ 
ture die off quite rapidly past the region where a quarter-wave tooth exists. This 
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STRUCTURE 

Fiq. 18-9. Log-pcriodic antenna charaotoristics. 

means that a smaller and smaller portion of the antenna is used as the frequency is 
increased, which is another way of saying that the effective electrical aperture (the 
aperture measured in wavelengths) is essentially independent of frequency. Since it is 
not possible to extend the antenna to the origin because of the presence of the feed 
transmission line, a high-frequency cutoff occurs when the shortest tooth is about one- 
quarter wavelength long. 

The structure of Fig. 18-9a is horizontally polarized and has a bidirectional beam, 
with the beams pointing into and out of the paper. If the input impedance is plotted 
on a Smith chart over a frequency range of several periods, it wiU be found that the 
locus forms an approximate circle with the center lying on the zero reactance line. The 
characteristic impedance of the log-periodic structure is defined as the geometric mean 
of the maximum and minimum real values on the locus. The VSWR referred to this 
characteristic impedance is then simply (Mpial to the ratio of the maximum impedance 
to the characteristic impedance. 

Practical Structures. There is an infinite variety of log-periodic structures. A 
few of the successful and most practical structures®* are illustrated in Fig. 18-10. 
Figure 18-lOa and b shows wire versions of log-pcriodic structures with trapezoidal and 
triangular teeth, respectively. Figure 18-lOc and d shows sheet structures with 
circular and triangular teeth. For all the structures shown, the angle a defines the 
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extremities of the teeth and the angle /3 defines the central supporting structure. All 
the various structures illustrated have similar radiation pattern and impedance char¬ 
acteristics. The radiation is due mostly to currents flowing in the teeth, and hence the 
polarization is transverse to the center line of the half structure. 

By orienting the two half structures at an angle ^ with respect to each other, as 
shown in the nonplanar arrangement of Fig. IS-lOa, a unidirectional beam pointing 



(a) (b) 

WIRE TRAPEZOIDAL TOOTH WIRE TRIANGULAR TOOTH 



Ic) (d) 

SHEET CIRCULAR TOOTH SHEET TRIANGULAR TOOTH 

Fig. 18-10. Several types of log-periodic antennas. 


along the positive Y axis is formed.® A unidirectional beam may also bo formed with 
the coplanar arrangement® shown in Fig. 18-106 where the center lines of the two half 
structures arc separated by an angle f. For this case the beam would point down. 

Theoretically, the thickness of the sheets and the diameter of the wires should 
increase linearly with distance from the vertex of the half stnuitures. Practically, 
this is not necessary for bandwidths less than 6:1. The greater the bandwidth, the 
more tapering is required. Bandwidths of 20:1 are easily achieved, and bandwidths 
of 100:1 arc feasible if the theoretical design is closely approximated. 

The two half structures form a balanced antenna. It may be fed with a balanced 
two-wire line with wires attached to the vertices of the half structures and placed to 
minimize distortion of the radiation pattern. For unidirectional structun^s the trans- 
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mission line is usually brought in along the line bisecting the center lines of the two half 
structures as shown in Fig. 18-106. The antennas may also be fed with a coaxial line 
which is brought in along the center line of and bonded to one half structure. A 
dummy cable is usually added to the other half structure to keep the antenna balanced. 
This type of feed forms in effect a frequency-independent balun. 

A recent® and rather simple type of log-periodic antenna is illustrated in Fig. 18-11. 
It consists of an array of dipoles with lengths and spacings arranged in a log-periodic 
manner. The dipoles are excited by a uniform two-wire line with the line transposed 
between adjacent dipoles. The antenna may be fed with a balanced line connected to 
the feed point or a coaxial line entering from the right and passing through and inside 



Fig. 18-11. a log-periodic dipole array. 


one of the balanced lines to the feed point. It may be noticed that this antenna may 
be derived from that of Fig. 18-9 by letting the tooth width and the angle approach 
zero and then folding the two half structures about the horizontal axis so that the 
angle ^ approaches zero. 

All the various types of half structures described above are planar in form. The log- 
periodic principles can easily be generalized to include nonplanar half structures or 
three-dimensional structures. An example of the former is a wire trapezoidal tooth 
structure with the transverse wires curved so as to lie on the surface of a cone and the 
vertex coinciding with the vertex of the half structure. A soUd biconical antenna with 
transverse troughs cut in the cones in a log-periodic manner is an example of a three- 
dimensional structure. Since these more complex structures have not proved too 
feasible as yet, they do not warrant further discussion. 

It should be pointed out that many types of log-periodic structures are not broad¬ 
band because of either extreme variation over a period or severe end effect which 
destroys the periodicity of the electrical characteristics. Only the successful struc¬ 
tures are described herein. Unfortunately, it is not possible to determine a priori the 
frequency-independent types of log-periodic antennas. 

Since log-periodic antennas are too complex to analyze by present-day theoretical 
methods, they must be investigated by logical experimental inethods. However, their 
repetitive nature greatly simplifies the initial experimental investigation because the 
characteristics need only be measured over one or two periods of frequency. The 
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operation over other periods may be readily predicted. Although a large amount of 
experimental data has been obtained, much remains to be done. 

Self-complementary Structures. A means for obtaining an antenna with a constant 
input impedance is to take a self-complementary structure, i.e., a planar structure, in 
which the metal area is congruent to the open area. Booker has shown, using an 
extension of Babinct's principle, that the product of the impedances of two (joinple- 
mentary structures equals the square of 60t = 189 ohms. Therefore a self-comple¬ 
mentary structure has an impedance of SOtt ohms, independently of frequency. This 
does not ensure constancy of the radiation pattern, but log-periodic structures, for 



(a) (b) 

Fig, 18-12. Self-complementaiy structures with three- and fourfold symmetry. For (a) 
a rotation of 27r/3 brings the structure onto itself while a rotation of tt/B brings it onto the 
complementary structure. For (6) rotation of t/2 and ir/4, respectively, produces these 
results. 

instance, that are also self-complementary will have a constant input impedance even 
over the period / to rf. 

Self-complementarity implies an infinite structure. However, in cases, where the 
end effects c^ be neglected, a finite portion of the ideal structure behaves almost as if 
it were infinite over a frequency range that may be increased at will by extemding the 
structure. 

Booker’s relation applies only to two-terminal structures such as a narrow strip and 
the complementary slot fed at the center point. The relation has been extond<id^^ to 
the impedance matrices Zi and of two complementary structures, as follows. 
Introducing the matrix 

1-1 0 0 •.. 0 
0 1-1 0 • • . 0 

0 0 1-1 ... 0 

(18-13) 


-1 0 0 0 ... 1 I 

of order n and its transpose A', the relation is 

A'^i AZi =« 7;V4 (18-14) 

where rj is the intrinsic impedance of the surrounding medium (17 ~ 1207 r in air). 

When an n-terminal antenna is self-complementary and has also n-fold symmetry 
(Fig. 18-12), it is possible, by using this relation, to compute its impedance matrix. 
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Introducing e — exp (27rj/w), the eigenvectors of the matrix Z arc 

Ira = [ 1 , 

and the corresponding eigenvalues are 



(18-16) 

(18-16) 


From this, the coefficients of the matrix Z for any value of w may be computed, and 
by straightforward circuit analysis, the impedances obtained by connecting the termi¬ 
nals in groups may also bo deduced. A wide range of frequency-independent imped¬ 
ances may thus be realized. 
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Fig. 18-13. Constant impedances obtainable with self-complcmcntary symmetrical struc¬ 
tures having two, three, and four terminals. The terminals of the structures^are repre¬ 
sented by the circles. After connecting them as shown in each figure, the impedance 
between the two dots has the value indicated under it. 

Figure 18-13 gives impedances computed by this method for the symmetrical self- 
complementary structures with two, three, and four terminals. 

Element Characteristics. Radiation properties of log-pcriodic structures may be 
better understood when it is realized that each of the half structures produces a 
unidirectional beam by itself. As mentioned earlier, the absence of end effect implies 
a unidirectional pattern. Although it is necessary to feed two half structures against 
each other or one against the ground in order to obtain wideband operation, it has been 
demonstrated^ by special measurement techniques that the half structure docs produce 
a unidirectional beam pointing in the direction of its center line. Figure 18-14 demon¬ 
strates the variation of the E- and H-plane bcamwidths of a single half structure with 
wire trapezoidal teeth as a function of the design parameter a. The E plane is defined 
as the plane which includes the half structure, and the H plane is the normal plane, 
which includes the center line of the half structure. 
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For a given a angle, there is a minimum value of the design ratio r which can be 
used. For values of t smaller than this minimum, the pattern breaks up considerably, 
and for larger values the beamwidths will decrease. The approximate minimum value 
of T which can be used is plotted in Fig, 18-14 (solid curve) as a function of the parame¬ 
ter ae. The E- and H-plane beamwidths for this minimum value of r are also shown as 
solid lines. The dashed curves for the E- and H-plane beamwidths correspond to the 
dashed curve for r, which is somewhat larger, than the minimum value. It is noticed 
that the F-plane and especially the if-plane beamwidths decrease as a is decreased and 



r is increased. For a given lower-frequency limit, which implies that the last trans¬ 
verse-element length remains fixed, then decreasing a and increasing r means that the 
length of the structure and the number of transverse elements, respectively, is 
increased. The pattern behavior for the other types of half structures is very similar 
to that shown in Fig. 18-14. 

An insight into the unidirectional behavior of log-periodic antennas may be gained 
from the dipole structure of Fig, 18-11. First, consider two parallel dipoles placed 
side by side with a spacing If the current in the dipole on the right leads the (jurrent 
in the dipole on the left by ?r — (where p = 27r/X), then the array will produce a 
beam to the left and a null to the right. Now, assuming for the array of Fig. 18-11 no 
mutual impedance between dipoles and only an incident transmission-line wave travel¬ 
ing to the right, it is seen that the voltage applied to a dipole leads the voltage applied 
to the first dipole to the left by tt - This suggests then that the array should pro¬ 
duce a unidirectional pattern to the left. The same argument applies to the other 
types of lialf structures wherein the phase reversal tt is accomplished by tlie fact that 
adjacent teeth point in opposite directions from the central section which dist-ributes 
current to^ the teeth. This phase reversal appears to be a basic requirement for 
frequency-independent operation of log-periodic antennas. 
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The pattern characteristics for the dipole structure of Fig. 18-11 with design parame¬ 
ters ao and TO are nearly the same as those for a wire trapezoidal tooth structure 
(Fig. 18-14) with parameters ao and tq.® 

The phase center of a log-periodic half structure does not lie at the vertex; rather it 
lies some distance d behind the vertex. 

Figure 18-15 shows the distance of the 
phase center from the vertices as a func¬ 
tion of a for wire trapezoidal tooth struc¬ 
tures. For a fixed structure the distance 
as measured in wavelengths is essentially 
independent of frequency. For values of 
a loss than 60° and for values of t above 
the minimum value of t given in Fig. 

18-14, the position of the phase center is 
essentially independent of r. Measurc- 
ments^* indicate that d depends upon r in 
a complex manner for a greater than 
60°. The phase center lies on the center line of the half structure at a point near where 
a half-wave transverse element exists. 

18.4. ARRAYS OF LOG-PERIODIC ELEMENTS 

The pattern of an array of periodic elements may be considered as the simple super¬ 
position of the patterns of the individual elements if it is assumed that the presence 
of other elements does not affect the pattern of an element. In order to obtain 
frequency-independent operation with an array, it is necessary that the locations of 
the elements with respect to each other be defined by angles rather than distances. 
This implies that all the elements have their vertices or feed points at a common point. 

Log-periodic arrays arc unique in two respects. First, although the element pat¬ 
terns are identical in shape (assuming 
design parameters are identical), they 
point in different directions. Second, 
since the radiation from an element may 
be considered to emanate from the phase 
center, the array sources lie on the sur¬ 
face of a sphere for a two-dimensional 
array and on a circle for a one-dimon- 
sional array. Thus the array theory is 
more complex and much less amenable 
to synthesis procedures than that for 
linear arrays of isotropic elements. 

Two-element-array Pattern Charac¬ 
teristics. The log-periodic antennas con¬ 
sisting of two half structures discussed 
in Sec. 18.3 may be considered as an 
array of two elements. The pattern can easily be calculated once the element 
pattern and distance from the vertex to the phase center are known. A sche¬ 
matic representation of a two-element array is given in Fig. 18-16. The radial 
lines separated by the angle ^ represent the two elements, and d is the distance 
to the phase center. The direction to a distant field point is given by <p. Typical 
element patterns are shown in the schematic. The pattern of the array is 
given by 



Fig. 18-16. Schematic reprosontation of two- 
element array. 



Fio. 18-16. Distance from vertex to phase 
center as a function of ot. 
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E “ cos" ") ®*" !““♦’) “®®” ( *^ 2 '^ ) t ®"''") 

(18-17) 


where cos" i*p/2) is an assumed functional form for the element pattern. Given the 
half-power beamwidth of an element (which may he measured or read from curves), 

the approximate value of the exponent n 
may be determined from Fig. 18-17. For 
an F-plane array (like Fig. 18-lOa) the 
jET-plane beamwidth is used and for an 
.^-plane array (like Fig. 18-106) the 
J^-plane beamwidth is used to determine 
n. The beamwidths may be obtained 
from Fig. 18-14. Although this procedure 
neglects the effect of the presence of one 
half structure on the pattern of the other, 



it will give fairly accurate results, espe¬ 
cially for values of a smaller than 60®. 

Figure 18-18 shows the variation of 
the H-plane beamwidth, gain, and front- 
to-back ratio with the angle ^ for a wire- 
trapezoidal-tooth ff-planc array with 
a *= 60® and r = 0.6. The J5-plano beam- 
width is nearly independent of the angle and its value is approximately 63®. Of 
course, for ^ = 180®, a bidirectional beam is produced. Notice that if both high 
gain and front-to-back ratio are desired, a compromise value of must be chosen. 
As to be expected, the fl'-plane beamwidth decreases rapidly with increasing ^ since 


Fig. 18-17. Relation between element 
beamwidth and n. 



this effectively increases the jfif-plane aperture of the antenna, ^-plane patterns for a 
structure with a = 60®, r =■ 0.6, and ^ = 36® are given in Fig. 18-19 over a band¬ 
width of 10:1. Except for / = 60 Me, whicli is very close to the lower cutoff fre¬ 
quency, the beamwidth docs not vary more than ±7 per cent. The fl'-plane patterns 
are of a similar shape but have wider beamwidths. 
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A split beam with a null in the direction in which the structure points can be obtained 
by rotating one of the half structures 180° about its center line. This effects a reversal 
of the phase of the half structure and may be accounted for in Eq. (18-17) by changing 
the sign of the second term. 



f=505 MC f=600 MC 

Fio. 18-19. E-plane pattonis for a wire trapezoidal tooth structure with a » 60®, t = 0.6, 
and ^ « 36°. 

Two-element-array Impedance Characteristics. Unfortunately, insufficient infor¬ 
mation on the variation of the input impedance of log-periodic structures as a function 
of the defining parameters has been obtained to allow the design of antennas without 
resorting to considerable experimental investigation. Figure 18-20 gives some infor¬ 
mation on the variation of the characteristic impedance versus ^ for various types of 
H-plane arrays. It will be noticed that in all cases the characteristic impedance 
decreases as the angle ^ is decreased. Also, it is apparent that the characteristic 
impedance decreases as the angle a is increased. It appears, in general, that a wire 
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structure has a characteristic impedance somewhat higher than that for a sheet struc¬ 
ture, with the same values of a and t. There does not appear to be a definite trend in 
variation of impedance with the r ratio. For example, increasing t for the wire struc¬ 
ture increases the characteristic impedance, whereas it decreases the characteristic 
impedance for the circular tooth sheet structure. 



Fig. 18-20. Variation of Zo and VSWR with ^ for shoot structiiros with: Ciroulur tooth 
C-) Trapezoidal tooth (-). Wiro struoturc with trapezoidal tooth ( - )• 


A few curves of the VSWR referred to the characteristic inipedano.e an^ also giv(‘n on 
the plot. It will be noticed that the VSWR increases, especially for tin’s (dro.ular tootli 
slieet structure, with r =* 0.8, as ^ is decreased. For all the other structuroH, the 
VSWR remains less than 2:1 over the range of ^ values considered. In sonu^, but not 
all, cases it has been found that the VSWR rises rapidly as approaches zero for the 
wire structures. 

The impedance variation for j^-plane arrays is similar to that for //-plain* arrays 
except that tlie angular spacing must be greater than ^ a jn orth^r to avoid excessive 
VSWR's. 

For the ^ values of most interest, that is, from 15 to about <)0°, it is noticed that the 
characteristic impedance ranges from approximately 70 to 240 ohms. Thus it is 
necessary to use a wideband technique to match this impedance to a coaxial or a 


ARRAYS OF LOG-PERTODIC ELEMENTS 


18-21 


balanced line. The tapercd-line transformers described in Refs. 13 and 14 are ideally 
suited for matching this impedance over theoretically unlimited bandwidths. These 
transformers usually require a length on the order of 0.4 to 0.5 wavelength at their 
lowest frequency of operation. 

The impedance behavior of the dipole structure of Fig. 18-11 is illustrated in Fig. 
18-21. These results were obtained with a balanced-lino characteristic impedance of 
105 ohms. 



a 


Fia. 18-21. Variation of and VSWR with a for log-pcriodic dipole array. 

In designing log-pcriodic antennas for bandwidths of 10:1 or greater; it is usually 
found that the characteristic impedance decreases gradually as the frequency is 
increased over this range. This variation is due to improper construction of the 
antenna; that is, it is usually not practical to taper the diameter of wires or thickness 
of the sheets according to theory because of mechanical limitations. However, this 
variation is not serious since many types of log-periodic antennas have been built with 
a tapered-line input transformer such that 
the complete system covers a 10:1 fre¬ 
quency range with a VSWR less than 2:1. 

Several wire-trapezoidal-tooth unidirec¬ 
tional structures were built with os =» 
r = 0.6, and ^ = 37®, but with the wire 
sizes varying over a 10:1 range. It was 
found that the wire size had a negligible 
effect on the patterns but that the charac¬ 
teristic impedance decreased about 30 per 
cent as the wire sizes increased by a factor 
of 10:1. 

Multielement Arrays. A schematic rep¬ 
resentation of an array of N elements as 
viewed from the top is illustrated in Fig. 18-22. The radial lines defined by Sn repre¬ 
sent the elements of the array. The a and r parameters for the N elements are made 
identical so as to assure identical element patterns. The asjz-plane radiation pattern of 
the array is given by 

N 

E(,<!>) = ^ A„f(4> - S„)e-iVd "OB 



Fia. 18-22. Geometry for array of end- 
fire elcmcntB. 


(18-18) 
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where / {<!>) is the element pattern and cos (<f> - Bn) represents the phase advance of 
the phase center relative to the origin. The function/ may take the same form as that 
used previously, that is, / W =* cos« (0/2). The value of the feed-point current for 
the ath element is given by An. In nearly all practical cases, An = 1 for all n. This is 
accomplished in practice by connecting half of the elements together and feeding tlu'ni 
against the other half. The parameter 7 n is the relative pliasc of the field radiated 
from the ath element. It may be controlled by expanding or contracting the element 
according to the phase-rotation principle to be described later. 

The assumptions made in Eq. (18-18) are that the element patterns and input 
impedances are identical. Although mutual effects can make these assumptions 

invalid, good correlation between theory and 
experiment has been obtained. Cut-aiid-try 
synthesis procedures may be used with Ecj. 
(18-18). 

A basic characteristic of logarithmically 
periodic antennas is the phase-rotation phe¬ 
nomenon. It has been verified experimen¬ 
tally that if the phase of the elecdric field 
received at a distant dipole (Fig. 18-211) is 
measured relative to the phase of the current 
at the feed point of the structure, the phase 
of the received signal will be delayed 3G0® as 
the structure is expanded through a period. 
In Fig. 18-23 the distance to an arbitrary 
transverse element is given by KRn. The 
expansion of the structure through a period 
is accomplished by letting K incrciise from 
1 to 1/r. During this expansion all lengths 
involved in the structure are multiplied by K. In Fig. 18-23 the phase delay in 
radians is plotted vs. the logarithm of K, The ideal phase variation is given by the 
solid straight Une. Measurements have indicated that the actual phase variation is 
somewhat like the dashed line. The approximate measurements made to date indi¬ 
cate that the deviation of the dashed line from the straight line is not more than 15°. 
The relation between 7 „ and Kn is given by 

K„=exp[glnT] ( 18 -Ut) 

Fortunately, the phase center and the element patterns are indei)ond(mt of the expan¬ 
sion or contraction of a logarithmically periodic element. 

The information given above in Figs. 18-14, 18-15, and 18-23 is suffic.icmt for pre¬ 
dicting the pattern of an array of similar end-fire elements. The uK^thod can be 
extended to cover a combination of E- and H-plane arrays. The phase-rotation 
phenomenon is extremely important since it allows a frequcncy-indci)cndent method of 
phasing the elements of the array. 

Experimental and theoretical patterns for a six-element phascd-H-planc array of 
wire trapezoidal tooth elements are given in Fig. 18-24. The values of the dcisign 
parameters for this array were a = 9.5°, r = 0.88, iV = G, 5« — « 17° for all a, 

and d/\ => 1.96. The elements were phased to produce a bcain-cophasal condition. 
The gain of the array was 14 db over a dipole. 

Although gains up to 18 db are feasible by using a combined JS- and /f-plane array, 
the size and complexity of the antenna become great since it is necessary to use v(‘ry 
small a angles and t values near unity. 
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Fig. 18-23. Illustration of phase-rota¬ 
tion phenomena for log-periodic an¬ 
tennas. 
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Design Procedure. In designing an array, a judicious choice of the parameters Nj 
a, T, and 6n should be made so as to achieve a minimum amount of space and material 
and number of elements. Although the design method is cut and try, a rough approxi¬ 
mation to an optimum design may be obtained by the following procedure. The 
procedure is the same for arrays in the E plane and ff plane. Given a desired beam- 
width, the equivalent broadside aperture D may be calculated from 


D ^ ^ 
X ^ 


(18-20) 


where ^ is the half-power beamwidth in degrees. 


The number 40 instead of 50 (which 


H PLANE 


E PLANE 


1800 M.C. 




1700M.C. 

Fio. 18-24. Predicted ( - ) and measured ( - ) patterns of six-clciucnt phased 

array. 

is for a uniform aperture) is used because the end-fire directivity of the elements tends 
to enhance the effective aperture. The distance between the phase centers of the two 
outer elements must be approximately D. Results indicate that a reasonable maxi¬ 
mum spacing between the phase centers of adjacent elements is 0.7 wavelength. Thus 
the number of elements may be determined approximately from 

JV - 1 « — = ^ (18-21) 

U.7a ^ 

For a one-dimensional array N must be even in order to present a balanced load to the 
feed line. The maximum value of the angle — Si, which defines the sector occupied 
by the array, depends on the beamwidth of the element pattern. If Sjnt — Si is greater 
than the element beamwidth, then elements 1 and N will contribute little to the 
formation of the main beam. An examination of Fig. 18-14 indicates that reasonable 
maximum values of Sat — Si are 60° for an JS'-plane array and 70 to 130° for an H-plane 
array. If low first side lobes are desired, values somewhat smaller than the maximum 
should be chosen. 
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The distance d to the phase center is equal to 

d _ D _ 20 

^ “ 2X sin ^ sin (18-22) 

The angle a is then determined from Fig. 18-15 since d/\ is known. The minimum 
value of T is then determined from Fig. 18-14. It is usually desirable to use the mini¬ 
mum value of T since the element beamwidth has little influence on the array pattern 
for N > 4. 

Since An and (5» — 5»_i) are usually made independent of n, the remaining parameter 
to determine is Kn. If high gain and a beam direction of are desired, then /v„ is 
chosen so that \pd cos (<^o — 5n) — yn] has the same value for all n. Equation (18-19) 
gives the relation between Kn and yn. 

For shaped beams y^ and hence jK„, would bo determined on a cut-and-try basis. 

After the approximate synthesis given above, the array pattern may bo calculat(id 
by the method of the preceding section. 

The above procedure determines the parameters a, r, 6n, Knj and N. It remains to 
determine the type and size of the elements. For frequencies above about 600 Me, a 
sheet structure should be used, and for ranges below that, wire structures shoxild 
be used. If it is desired to cover a frequency range which overlaps 500 Me, it 
may be necessary, because of mechanical considerations, to use wire construction for 
the back of the structure and a sheet or printed-circuit construction for the front of the 
structure. A gradual transition between the two types of structures may be made with 
only a small effect upon the electrical characteristics. 

If minimum antenna size is important, rectangular or trapezoidal teeth should be 
used. If not, triangular teeth may be used or other similar versions. Curved teeth 
may also be used if the a angle is not too large. 

The size of the element is determined from the lowest frequency required. Approxi¬ 
mately, the largest tooth for a sheet structure should be about a quarter wavelength 
long at the lowest frequency and the longest transverse wire for the wire structure 
should be approximately a half wavelength long. The highest frequency deterniines 
the length of the shortest teeth and wires in a similar manner. For higli-powcr or 
microwave applications, the size of the input cable or transmission line may limit the 
upper frequency. 

The preceding theory and curves may be used to predict the performance of the 
initial design. If it is close, then the antenna model should be constructed and a 
pattern and impedance investigation should be performed over a period so as to deter¬ 
mine the exact parameters. Once this is done, then the antenna should bo checked 
over the complete frequency range, including measurement of the input impedance. 
It is then possible to design the tapered-line transformer for feeding the antenna. 

For applications which demand minimum antenna size, it is possible to use end 
loading on the tips of a few of the largest teeth. The lower-frequency cutofT may be 
lowered 15 or 20 per cent by this means. 

18.6. SPECIAL APPLICATIONS 

Arrays over Ground. Although the above antennas have radiation patterns which 
are essentially independent of frequency, many applications demand that the antenna 
be placed near ground. If one of these antennas is placed with its feed point above 
ground, then it is apparent that the resultant pattern will be frequency-dependent since 
its electrical height above ground changes with frequency. However, the above array 
theory suggests that if log-periodic elements are inclined with respect to ground and 
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with their feed points at ground level, then the resultant radiation pattern will be 
frequency-independent. The elements can be placed so that with their images they 
form either -ff-plane or E-plane arrays or a combined E- and E-plane array. For an 
equivalent E-plane array there will, of course, be a null in the resultant pattern on the 
horizon. The array theory above may be used to calculate the resultant pattern by 
adjusting the phase of the image elements. For an E-plane array, the phase of the 
imago element will be 180° different from that of the element above ground, whereas 
for an E-plane array, the phase of the image element would be the same as that of the 
element. 

A very important application for this type of an antenna is for point-to-point 
communication circuits.** Figure 18-25 shows a two-element arr!i.y above ground 



oriented so that they and their image elements form an E-plane array. Theoretically, 
the feed point of the antenna should be at ground level, but in practice the feed point 
is placed a small height above ground to protect personnel from high r-f voltages. 
Except for very short distances, high-frequency point-to-point communication is 
accomplished by reflection of the radio waves from the ionosphere. The vertical angle 
of arrival or departure (from the ground) depends upon the distance between the 
points and the height of the reflecting layer. Although its value ranges from 70° down 
to a few degrees for various circuits, its value for a particular circuit is relatively 
constant since the height of the reflecting layer does not change by a great amount. 
However, because of changing ionospheric conditions during the sunspot cycle and 
from night to day, it is necessary to change the operating frequency over bandwidths 
of 4 or 6:1. Thus it is most desirable to have an antenna for which the vertical angle 
of the main lobe is independent of frequency. Present-day antennas, such as the 
dipole, rhombic, billboard, discone, etc., do not satisfy this requirement. 

The dircction'of the main lobe for the structure of Fig. 18-25 may be controlled by 
the Cl angle of the individual element and the angles of the elements with respect to 
ground. The size of the structure is determined by the lower-frequency limit. Figure 
18-26 shows the vertical-plane pattern for a structure with « = 14° and r = 0.75. 
The two half structures are oriented at angles of 32 and 48° with respect to ground. 
The dimensions of the antenna at the lowest frequency are given in wavelengths in the 
figure. The lower half structure is scaled so that its radiation leads that of the upper 
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by 130®. This particular phasing increases the gain 5 db over that obtained with no 
difference in phasing. Although the gain for this type of antenna is only moderate 
(13.4 db over a dipole), maximum use of this gain is made over the complete frequency 
range. The gain for this structure can be increased 3 db by adding two additional 
elements to the side to form a combined E- and /f-plane array. 



a= 14® 
t=.75 

GAIN = 13.4 DB OVER DIPOLE 



If vertical polarization is required rather than horizontal polarization (which is 
obtained for the structure above), then the two-element array can be rotated 90® 
about its center line so that the plane of each of the half structures would be normal to 
the ground plane. 

Feeds for Reflectors and Lens. Many applications call for the use of high-gain 
antennas which will work over extremely wide frequency ranges. Although lens- or 



£ 
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Fig. 18-27. Angle subtended by para¬ 
bolic reflector as a function of F/D. 


reflector-type antennas are ideally suited, their 
bandwidths have been limited in the past by 
that of the primary feed. Ideally, the radiation 
pattern and input impedance of the primary 
radiator should be independent of frequency; 
thus unidirectional log-periodic or equiangular 
antennas are well suited for this application. 
The required design information for log-periodic 
feeds is the primary pattern, phase-center and 
input-impedance. 

Figure 18-27 shows the angle subtended by a 
circular-parabolic reflector as observed from the 
focal point as a function of the f/d ratio. Fig¬ 
ure 18-28 shows the variation of the jB-planc 
and H-plane 10-db beamwidths and the sidc- 
lobe level as a function of \J/ for several different 


values of a for two-element sheet trapezoidal 
tooth structures. The largest side lobe nearly always occurs in the opposite direc¬ 
tion of the beam. If a 10-db taper is desired, it is seen that a two-element structure 


can be designed so as to give fairly good illumination tapers for f/d ratios from about 


0.35 to 0.6. 
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Another type of structure which is well suited for feeds is the triangular tooth sheet 
structure illustrated in Fig. 18-10. Figure 18-29 shows the variation of the 10-db 
beamwidths for a two-clement H-plane array of triangular tooth sheet structures as a 



Fig. 18-28. Pattern chara(?teriBtics of sheet trapezoidal tooth stnietiire. 



function of a and with ^ = a. The E-plane and if-plane beamwidths arc approxi¬ 
mately equal, so that one curve applies to both. Assuming a 10-db taper, this type of 
feed would bo suitable for f/d ratios ranging from 0.55 to 0.9. 

In general, and especially for a angles greater than 45®, the E- and E-plane phase 
centers of a single element do not coincide. Except for the special case of V' = 0, the 
E- and E-plane phase centers for a two-clement E-plane array will not coincide even if 
the element phase centers do. The array phase centers will lie on a line bisecting the 
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center lines of the two half structures. Letting d and t represent the distances from the 
vertex to the element and array phase centers, respectively, it is easy to show that 
l/\ equals d/\ cos ^/2 for the E-plane phase center provided that the element phase 
centers coincide and that the mutual effects between the two half structures are 
negligible. The positive direction of / is toward the back end of the array. If these 
assumptions are not valid, then the variation of the E-plane phase center with ^ is 
more complex. 



Fig. 18-30. Dependence of phase center on ^ for sheet trapezoidal tooth structure. 

Assuming negligible mutual effects, a simple calculation^® loads to tlu^ following 
formula for the array E-plano phase center: 

t d f yj/ T , yp ^ \lnr\ 

where ^ is the element E-plane half-power beamwidth. The retison for the movement 
of the phase center toward the vertex is that the two E-plano element patterns point in 
different directions. 

Figure 18-30 shows the measured variation of E- and E-plane phase centers with yp 
for three values of a for a two-element E-plane array with sheet trapezoidal tooth 
elements. The results for a — 46° and 90° follow the theory fairly close, but the 
behavior for a. = 67.5° is peculiar. 

The variation of the phase centers with <x for a sheet trapezoidal tooth structure with 
\p = 45° is illustrated in Fig. 18-31. Again peculiar results are obtained, since it 
would be expected that the phase center would monotonically approach the vertex as a 
is increased. 

Since the phase centers will move toward the vertex as the frequency is increased 
IS independent of frequency), it is apparent that t/\ should be as small as possible. 
From Eq. (18-7) it is seen that the E-plane phase center may be made arbitrarily close 
to the vertex by the proper choice of <p and yp. However, a 180°^ angle is required to 
make the E-plane phase center lie at the vertex. This is undesirable because the feed 




I’lG. 18-31. Dependence of phase center on ct for sheet trapezoidal tooth structure. 



Fia. 18-32. Reflector gain as a function of feed placement over a 10:1 frequency range. 

is then bidiroctiomil and the ff-plane phase center will lie in front of the feed. Thus it 
is necessary to choose a compromise value of the design parameters and allow the 
phase center to move with frequency. 

The movement of the phase center with frequency makes it necessary to determine 
an optimum location of the feed for a given frequency range. This may be done by 







18-3 0 FREQUENCY-INDEPENDENT ANTENNAS 

performing the gain measurements reported in Fig. 18-32. It shows the variation of 
gain of a 4-ft dish at six frequencies over the frequency range of 600 to 6,000 Me as a 
function of the displacement of the feed vertex from the focal point. It will be noticed 
that a relative displacement of 0.025 results in a maximum loss in gain loss than db 



Fig. 18-33. Log-periodic H-F antenna for 
11.1- to 60-Mc range (Collins Radio Co. 
Type 237A-2). 


due to movement of the phase center 
with frequency. In general, the feed 
should be located so that the phase cen¬ 
ter of the feed at the highest frequency is 
slightly on the dish side of the focal 
point. For dishes considerably larger 
than 4 ft over the same frequency range, 
the loss in gain over the band would be 
somewhat greater. It is possible to 



dMign a feed for use with a dish with a VSWR less than 3 and, with extremo care, loss 
than 2 over at least a lOtl frequency range. 

H-F Communications Antenna. Figure 18-33 is a picture of a wire trapezoidal 
tooth structure with self-supporting elements for the frequency range of 11 to 60 Me. 
ne a^uthal beamwidth is about 60°, and the free-space vertical beamwidth is about 
gam is 8 db over an isotropic antenna, and the side lobes are more 
than 16 db down. The VSWR is less than 2:1. The power-handling capacity is 
oO kw. The values of the design parameters for the structure are a = 60 ^1/ = Z7 
and r = 0.6. * ' 


O^dmechonal Antenna. An omnidirectional horizontally polarized antenna is 
lUimteated m Pig. 18-34. This consists of two planar log-periodic structures placed at 
nght angles to each other, with one structure scaled by the factor so as to give an 
omnitoectional radiation pattern in the plane transverse to the axis of the antenna. 
I his IS aocompUshed since each planar structure produces approximately a figure-of- 
oight pattern and the scaling of one structure provides the 90° phase shift to give an 
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omnidirectional pattern similar to that obtained with a turnstile antenna. Experi¬ 
ments show that omnidirectional patterns within ±2 db are easily achieved over 
extreme bandwidths and that jET-plane beamwidths of about 60° are easily obtained. 
Typical design parameters are a = 90° and r = 0.707 for a wire trapezoidal tooth 
structure. 

Circularly Polarized Antenna. Figure 18-36 is a picture of a circularly polarized 
unidirectional log-periodic antenna. Two opposite half structures are fed against each 



Fig. 18-36. Circularly polarized log-poriodic antenna. 


other to provide a linearly polarized unidirectional beam, and the other two structures 
are fed against each other to provide a linearly polarized unidirectional beam with 
orthogonal polarization. The 90° phasing between the two polarizations is obtained 
by scaling one pair of structures by the factor rK. The sense of circular polarization 
can easily be changed by reversing the feed lines to one pair of structures. Axial ratios 
less than 2:1 can be obtained over extreme bandwidths, and the E~ and /if-plane beam- 
widths can be made approximately equal by proper adjustment of the design parame¬ 
ters «, and T. 
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19.1. GENERAL DISCUSSION 

Although radio devolopinciit in the last thirty years has oc.eiirrcd mainly at medium 
and higher frequencies, the propagation characteristics of low-frequency (LF) waves 
still tend to recommend that region for certain special services. At low frequencies, 
ground waves are subject to less attenuation and sky wav(‘s are less alT(^cted i)y iono¬ 
spheric conditions and disturbances. These c.harac.t(‘rist,i(rs make the region especially 
favorable for communications and for navigational aids to widely disperscul ships and 
aircraft. Another characteristic, applying espec.ially to wer// low fre<iueiicies (VLF), 
is the ability of the waves to penetrate into salt water, making communications with 
submerged submarines possible. 

The advantage of low frequencies would increase continually with decreasing fre- 
(luency except for the tendency of the prevailing atmospheric noise (static) level to 
increase at the same time. The result is the exisU^nce of an oi)timum frequency with 
respect to signal-to-noise ratio at tlui receiving location for a given transmitting 
antenna. For example, the optimum freciuency for tlie New York-4jondon low- 
frequency circuit has been found to be about 40 kilocycles per second (kc).^ 

Low fnuiuenc.ies arci of sp(^<ual utility in ]>olar regions. This is bcMfause ionospheric 
disturl)ances are extra sewere and atmospheric noise levels an^ relatively low in these 
areas. 

* 15 to 500 kilocycles per second. 

19-1 








19-2 


LOW-FREQUENCY ANTENNAS 


The main disadvantages of low frequencies are the high cost and practical difficulties 
associated with the construction of radiators having dimensions appreciable with 
respect to the wavelength. For this reason it is generally not feasible to obtain 
directive gain by the use of either a high antenna or an array. In a few cases having 
especially severe performance requirements, antennas with effective lengths near a 
quarter wavelength are used. Usually, however, cost and practical considerations 
result in the radiators being electrically in the “small” category. (A definition for a 
small antenna which is adopted here is stated in chap. 10 of Ref. 2 as follows: “ ... an 
antenna is said to he small if its largest dimension^ measured from its input terminals, does 
not exceed one-eighth of the wavelength^*) Small antennas have special problems in con¬ 
nection with efficiency, power capacity, and bandwidth. The requirements in regard 
to these characteristics are so varied and the economic factor is so important that little 
standardization has been obtained in low-frequency transmitting-antenna systems. 
Existing radiators are in the form of vertical radiators, umbrella-loaded vertical 
radiators, and flat-tops (of a large variety of sizes and shapes) fed by downleads. 

Receiving-antenna problems are generally less severe than those of transmitting 
antennas at low frequencies. Since atmospheric noise rather than receiver noise is the 
controlling factor in regard to signal-to-noise ratio, the efficiency of the receiving 
antenna is of very minor importance. For the same reason, directive gain®® is of great 
importance, and therefore loops and wave antennas have found favor for this 
application, i*®*^*® 


19.2. LOW-FREQUENCY-ANTENNA CHARACTERISTICS 

The antenna input resistance Ra may be considered as being composed of two main 
parts: Rar associated with radiated power and Rat associated with power lost in heat. 
Loss of power occurs in the ground, in conductors and insulators, and in some cases in 
corona discharge. Figures 19-1 and 19-2 show plots of theoretical radiation resistance 
Rar for the two assumed current distributions depicted in the figures. Figure 19-1, which 
pertains to a sine-wave current distribution, is more generally applicable to the largest 
antennas under consideration here. Figure 19-2, which ranges down to very low 
values of radiation resistance, is more useful in connection with the smallest. In 
practice, the antenna is energized by a transmitter through an electrical network which 
may consist of either a tuning element alone or, effectively, a tuning element and an 
L, T, or TT network. In the present discussion the antenna circuit is considered to be 
composed of the antenna, a tuning element of resistance Rt, and a zero-loss generator. 
The antenna efficiency is defined by the equation 



where R -- Ra + Rt ^ Rar + Rat •+■ Rt. 

A few unusually large low-frequency antennas have equivalent lengths somewhat 
greater than a quarter wavelength and therefore inductive input reactances; however, 
most are in the small category and have high capacitive reactance. In any case, the 
input reactance Xa can be represented with good accuracy throughout the frequency 
range under consideration by the equation 

•X'a = —Zocot—^ ohms (19-2) 

where Zo is the characteristic impedance, t is the length of an equivalent uniform trans¬ 
mission line, and X is the wavelength, t and Xbeing expressed in the same units. For tlic 
special case of a vertical cylindrical radiator of height h and radius a (a « h), E(i. (19-2) 
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is commonly evaluated by letting t ^ K and 

Zo = 60 j^ln — 1 j ohms (19-3) 


where h and a are expressed in the same units. Equation (19-3) is the average value 
of the characteristic impedance of the cylinder as derived in Chap. 13 of Ref. 2. 



Fio. 19-1. Theoretical radiation roHistaiico of vertical antenna for asHumed sine-wave 
current distribution. {Heforefice f),) 


Another expression for Zo, which fits experimentally ineasurc'd values for short vertical 
radiators more closely than does Eq, (19-3),® is 


Zo => 00 j^ln ohms 


(19-4) 


The Q of the antenna circuit with zero-loss generator is (conventionally given by the 
equation 



(19-6) 


whore X is the total circuit reactance (X =» Xa + XO and |Xa| is the magnitude of the 
antenna reactance at the operating frcquenciy /o. Equation (19-5) holds for the total 
range of antenna sizes under consideration, from very small to somewhat larger than a 
quarter wavelength. The bandwidth of the circuit is determined by the equation 

Q 


BW 


(19-6) 
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the exact matching of the transmitter impedance by the antenna load would seriously 
overload the transmitter. References 9,10,11, and 24 contain interesting information 
in regard to the over-all bandwidth question, including the effect of coupling networks 
between the transmitter and antenna. 

The main consideration in low-frequency-antenna design is often the amount of 
power to be radiated in order to obtain a required range of communication. In other 
cases the determining factor is that of obtaining a low value of antenna Q, in order to 
satisfy a bandwidth requirement in regard to the transmission of a short-pulse, high¬ 
speed radiotelegraphy or high-fidelity radiotelephone. In many ways these two per¬ 
formance requirements are similar; for example, the size of the antenna needed 
increases as either requirement becomes more severe. The quality of a small antenna, 
in regard to efficiency, power capacity, and bandwidth, increases with antenna height. 
However, at low frequencies the height needed in a simple vertical radiator is often 
greater than is practical to construct. It is then necessary to use some form of top 
loading in order to obtain the required performance. 

The characteristics of short vertical radiators may be improved by adding a top¬ 
loading umbrella. As the length of the umbrella wires increases, the antenna effective 
height increases to a maximum, because of the increase in height of the center of charge, 
after which it decreases, because of the umbrella’s shielding effect on the vertical 
radiator. The umbrella also tends to increase the bandwidth to a certain extent by 
decreasing both the reactance and the slope of the reactance vs. frequency curve of the 
antenna [Eqs. (19-5) and (H)-G)]. A further effect of the umbrella, which is important 
in some cases, is to decrease the voltage, and hence the power loss, associated with the 
base insulator. On the disadvantage side, the umbrella cables place an additional 
mechanical load on the tower, tending to increase its cost. For the last reason, the 
simple vertical radiator is preferred to the umbrella in some low-frequency applications. 
Examples of umbrella-loaded vertical radiators are described in llefs. 6 and 14. 

At VLF, practical towers are electrically so short that a large amount of top loading 
is generally required. Although the top loading is beneficial to a certain extent in 
increiising the effective height, the required amount of top loading is usually deter- 
inined by the maximum antenna voltage that can be tolerated—up to about 250,000 
volts at the present stage of insulation development. For a given effective height the 
power radiated determines the antenna current. Since the antenna voltage is equal to 
the product of the current and the cai)acitive reactance, the maximum allowable 
voltage specifies the minimum antenna capacitance, and thereby the size flat-top 
required. Tower-base insulators are not satisfacjtory at high voltages, and it is 
necessary to support the flat-top from masts or towers by long tubular insulators and 
to feed the flat-top by downleads similarly insulated at the ground. As a result of these 
(considerations a typical VLF antenna consists of an extremely large flat-top supported 
by towers and fed by one or more cage downleads. 

In the d(isign stage, the (!linra<d,erist.icH of radiation resistance and reactance occur¬ 
ring in E<ih. (19-1) and (19-5) are generally determined under the assumptions that 
the antenna is lossless and its ground plane is infinite. Ik^cause of the effect of towers 
and gtiys, edge and (uid (effects of flatr-tops, and the gcun^ral coin])lexity of low-frequency 
antennas, tlu^se (diaracteristics cannot he rigorously (^ahnilaUHl and it is necessary to 
determine them by either approximate (talculat.ions or by experiment. 

In some situations, mainly those in which the anUuma is electrically quite largo, the 
charactt»risti<ts can be d(d.ermined by impedaiuH^ m(‘jisur<nn(mts, using a sinall-s(‘,ale 
mod(a mounU^d on a large ground plane.®'»'‘2.i3 mc^asurements yield useful 

information in rcjgard to those antenna charact(%risti(;s whicdi are not greatly affected 
by losses. Wh<in a largc-stjule fac.tor is used, it is usually necc^ssary to idealize various 
sections of antenna, such as lattice towers by cylinders, the configurations of the wires 
in the flat-top by a metal shoot, and cages by wires. In this cuise, some judgment or 
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theoretical calcidation is necessary to correct the measured results to apply to the 
actual conditions. 

In one instance reported in the literature, several design problems connected with 
an 820-ft umbrella-loaded vertical antenna were investigated, using an existing 240-ft 
broadcast tower as a support for the experimental umbrella. According to the theory 
of models,!® the model measurements at 610 kc correctly represented the fullnscale 
antenna as if it were located on a site having a value of ground conductivity equal to 
that of the experimental site divided by the scale factor, or approximately by 3. 
However, much experience with broadcast antennas has shown that, for the electrical 
height involved and for the ground systems of both the model and the proposed 
antenna, the effect of substantially perfect ground is obtained regardless of the ground 
conductivity (for example, see Ref. 6, sec. 2.1.2). The experiment was successful in 
predicting with good accuracy the final performance of the full-scale antenna with 
respect to both impedance and field-strength characteristics. 

When the proposed antenna is in the small category, many problems associated 
with the design can be attacked from an electrostatic rather than an electromagnetic 
viewpoint. The reactance of a small antenna can be represented by the combination 
of a lumped capacitance Ca and a lumped inductance La in series (Ref. 2, sec. 10.2). 
The capacitance is of chief importance since it determines the antenna voltage [given 
by l/((aCa)] and the Q factor [given by l/(R(aCa)]. Usually, in connection with 
antennas of this class, it is necessary to consider the antenna inductance only in so 
far as it affects the value of tuning inductance required. For example, the static 
capacitance assignable to each downlead of the antenna shown in Fig. 19-8 is about 
1,000 ohms, whereas the corresponding antenna inductive reactance is only 18 ohms. 

For any grounded antenna, there exists a length of vertical wire which, if caused 
to carry a uniformly distributed current equal to the input current of the antenna, 
would produce a distance field strength on the horizon equal to that of the antenna, 
assuming infinite ground conductivity in both cases. The length of the hypothetical 
wire is commonly called the '^effective height” (K) of the antenna. A quarter-wave 
grounded vertical wire has an effective height equal to 2/ir times the actual height. 
In the case of a small antenna, a definition which is equivalent to that just stated but 
which is of more general utility is: the effective height w the height of the center of charge 
in the aiUennaj its eupports, and other nearby elevated etructwres^ asev/rning the antenna 
to he raised to a drc potential above ground. It should be noted that the charges induced 
in the supports and other nearby objects oppose the charges in the antenna, thereby 
reducing the effective height. The effective height of a short vertical radiator, 
unloaded and standing alone, is approximately equal to one-half the actual height. 
This is equivalent to assuming a linear distribution of current in the first definition 
and, equivalently, a uniform distribution of charge in the second definition. That 
curve of Fig. 19-2 which is labeled /top//baBe = 0 pertains to this particular condition. 
In general, the radiation resistance of any small grounded antenna is rclatt^d to the 
effective height K by the equation 

Ear — IGOtt® ohms (19-7) 

where h, and X are expressed in the same units. Equation (19-7) applies to that 
curve of Fig. 19-2 which is labeled Itop/Ibaae = 1.0 with h « h^. 

Figure 19-3 shows a typical low-frequency antenna. A large capacitance Ci 
between the flat-top and ground, besides establishing the effective height near that 
of the flat-top, is benefleial in reducing the voltage and the Q factor of the antenna. 
The downlead and the towers increase the antenna capacitance; on the other hand, 
however, they detract from the effective height established by the flat-top—a very 
considerable amount in typical VLP antennas. Consequently, mainly the flat-top 
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is depended upon to obtain the desired minimum capacitance. The downlead 
capacitance C 2 is made as small as possible (consistent with the voltage-gradient 
limitation on the downlead), and the coupling between the flat-top and the tower, 
represented in Fig. 19-3 by Cs, is made as small as is practical. 

The electrostatic nature of the design problems of small antennas justifies a unique 
experimental procedure called the “tank method.”* The antenna (including sup¬ 
ports) is modeled on a copper sheet, and the whole is placed in tap water contained 
in a tank which is constructed of insulating material. The model is sectionalized 
into n sections, each section being isolated electrically and furnished with an insulated 
lead running out of the tank. Provision is made to measure the current in each 


FLAT-TOP 



section, with the sections composing the antenna being maintained at the same 
potential and the tower sections at ground (copper-sheet) potential. Alternating 
current is used in order to avoid polarization. The lines of current flow in the tank 
correspond exactly to electrostatic flux in the air, and the current values in the 
antenna sections correspond to electrostatic charges in the full-scale antenna. The 
antenna effective height is determined from the equation 

n 

he = — X scale of model (19-8) 

where /* = current in ii\\ section taken positive for antenna sections and negative for 
tower sections 

hi = average height of zth section 
I = total current in antenna 

Ihe antenna capacitance (-a is obtained from the nu^asured resistance values of the 
antenna model Jtm and that of a standard ininntrsed in the same tank. The stand¬ 
ard is of such a form that its capacitance in air may be nuidily calculated, such as a 
horizontal disk provided with a guard ring. Then 

f'a = X scale of model (19-9) 

^ An alternative means of determining he may 1)0 i)rovided in the tank experiments, 
l^or this purpose a probe is ])laced at a position nunote from the model on a wall of 
the tank. Two exj)erimental set-ups are used: (1) the flat-top only in place and 
(2) the entire model, including supports in place. The probe potentials Vi and 
are measured with the model at the same potential for the two conditions. The ratio 

♦ Early literature contains numerous references to the tank method of measuring antenna 
capacitance. The material (contained hero was obtained from a 1920 unpublished General 
Electric. Company r<*port ('.onec^rm^d with tank experiments to solve various design problems 
coimeeted with the Iloeky Point antenna of Fig. 19-8. 
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V 2 IV 1 is called the **shielding factor” (SF). The values of capacitance Ci and 
^2 («*= Ca) are also measured for the two conditions. Then 

^ (SF) (average height of flat-top) (19-10) 


As examples of the application of the tank experimental methods, the following 
design problems in connection with the Rocky Point antenna (Fig. 19-8) were 
investigated. 

1. The effect of the steel tower bridge on the antenna wire capacitance and the 
determination of the optimum distance between the wire and the bridge 

2. The effect of the steel tower on the antenna wire capacitance and the deter¬ 
mination of the optimum distance between the tower and the wire nearest to it 

3. The effect of the tower on the downlead and the optimum location of this load 

4. The effective height of the antenna 

5. The capacitance of the antenna 

For application to the design of very small antennas (including virtually all VLF 
antennas), the tank-model method has two definite advantages over the model-in-air 
method mentioned above. First, the radiation resistance, because it is extremely 
small, is difficult to measure directly as in the model-in-air method. Second, the 
data provided by the sectional currents in the model-in-tank method allow the 
evaluation of effects of the individual sections, as in the Rocky Point antenna experi¬ 
ment. The same difficulties in accurately modeling the various components of the 
antenna when very large scale factors are used are encountered in both experimental 
procedures. 

Other experimental methods for determining the characteristics of sn^all antennas 
have been used in the investigation of low-frequency antennas on aircraft. 

An approximate method of calculating antenna capacitance which is sufficiently 
accurate for many low-frequency antenna applications was suggested by G. W. (). 
Howe in 1914. The method is discussed in detail in Refs. 16 and 17 and in Ref. 2, 
chap. 10. The antenna and its supports are considered to be divided into parts, and 
the charge carried by each part is determined by means of mutual (and self-) potential 
coefficients. The approximate values of the potential coefficients are calculated by 
averaging over each part the potential due to an assumed uniformly distributed unit 
charge on each of the other parts (and itself). The method can be readily extended 
to obtain the effective height as well as the capacitance of the antenna. If a uni¬ 
formly distributed charge is assumed for a downlead which is top-loaded by a non¬ 
radiating flat-top having nonradiating supports, the radiation is given precisely by 
the curves of Fig. 19-2. It is interesting to note that Howe's method obtains for the 
capacitance to ground of an unloaded vertical radiator the equation 


Ca 


2Tr€vh 

[In {h/a) — 1] 


farads 


(19-11) 


where cv = absolute dielectric constant of free space (l/36ir) 10“® farad/meter 
h = height, meters 
a — radius, meters 

which is consistent with Eq. (19-4), an experimentally verified equation for the 
characteristic impedance of a short vertical radiator. 


19.3. MULTIPLE-TUNED ANTENNA 

Multiple tuning was originally devised by E. F. W. Alexanderson for the purpose 
of reducing the ground loss of VLF antennas of the long inverted-L typo.^s Essen- 
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tially, a multiple-tuned antenna consists of a number of antennas having closely 
coupled radiation characteristics but with substantially independent ground systems. 

Consider first (Fig. 19-4a) a long narrow flat-top of capacitance Co fed by a single 
downlead of negligible capacitance and tuned by a coil of inductance Ltc =* l/w®Ca. 
Neglecting the antenna inductance and all losses except those in the tuning coil and 
ground, the equivalent circuit is as shown in Fig. 19-46. For a given antenna current 


a. SINGLE-TUNED ANTENNA 



b. SINGLE-TUNED EQUIVALENT CIRCUIT 



C. MULTIPLE-TUNED ANTENNA 



d, MULTIPLE-TUNED EQUIVALENT CIRCUIT 


Fig. 19-4. Singlo-turiod and multiplc-tuiicd flat-top antenna. 


/, the p()w<ir riidiut(Hl is and the powers lost in the tuning coil and ground are 
I^Rtc. and I^Rgy r(^spe<d.iv<dy. For the usual e.ondition that the feiul resistance 
liar + Rat “h Hg iH snuill coruparod with the capacitive reactance 1 the antenna 
volt.age is vo.ry nearly J 

Next consider the same llafr-top fed by a number (n) of spaced downleads (Fig. 
19-4c and d) with the same total antenna current (the sum of the downlead currents). 
With a tuning indu(?tan<*,e of nLir in <mcli downlead, the cire.uit is again resonant and 
the current in each downl<*ad is e<iual to I/n. If the individual antenna sections are 
small, all currents are substantially in phase. Assuming eipial values of coil Q in 
both single- and multiple-tuiuHl (uises, tlie resistances of each coil is fiRte. The total 
radiat(*d pow(‘r for a giv<*n total curnuit / is the same tis for the previous case; there¬ 
fore, the radiation n'sistamus assignal)le to each downhsad is nRar. The total power 
lost in the tuning coils is tlu? sanus as befons, being e<|ual to (//w)*(a/i«r)n, or PRte, but 
that in tins ground, under the assumption of an ecjual value of ground resistance for 
each downlead in both single- and nuiltiplo-feed cases, is reduced to {l/nyRgn, or 
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The total power into the antenna is therefore equal to 

+ Rtc + 

If the individual ground resistance Rg is much larger than Rar 4- Rtej this input power 
is much less than for the single-tuned case, /*(/2or + Rto Rg)- Since the current 
supplied by the generator is //n, the input resistance of the antenna is equal to 
+ Rtc + Rg/n). The antenna voltage is the same as for the single-tuned 
condition. 

In application to multiple-tuned antennas, in general, the ratio of total current to 
the generator current is defined as the “feed ratio'' (n in the case of the example). 
The antenna input resistance is called the “feed resistance." The total antenna 
power for unit total current is defined as the “multiple" resistance and is equal to 
the feed resistance divided by the square of the feed ratio. 

Four factors tend to limit the extent to which multiple tuning should be carried 
for a given flat-top. First, the several downleads subtract somewhat from the 
effective height established by the flat-top. Second, as the number of downleads 
increases, their ground currents tend to overlap to a greater degree, resulting in the 
multiple tuning being less effective in improving the efficiency. Third, each additional 
downlead represents added costs in respect to itself, its tuning coils, and the mechani¬ 
cal loads it places on the towers, halyards, and insulators. Fourth, the antenna 
adjustments, when a substantial change in operating frequency is made, become more 
difiS.cult as the number of tuning coils increases. 

For the case of a vertical radiator having a relatively small amount of top loading, 
it is not feasible to supply independent and uncoupled ground systems for several 
downleads. Then the full advantage with regard to reduction of ground loss is not 
realized by multiple tuning. However, the general principle may be employed in 
order to simulate a vertical radiator of large radius and to increase the input resistance 
of the antenna. In this case the input resistance is equal to the single-tuned input 
resistance multiplied by the square of the feed ratio. Some such applications of 
multiple tuning are discussed in Kef. 6. 

19.4. LOW-FREQXTENCY GROUND SYSTEMS 

A large variety of ground-system types have been used with low-frcquoncy antennas. 
In contrast with the situation at broadcast frequencies where the radial-wire ground 
system has been generally adopted, no one type has become universally standard for 
low-frequency application. There are little quantitative data available by which 
the performance of the various types can be compared directly. This situation 
requires that the subject be presented mainly on the bases of history and practkic. 

Most low-frequency installations of recent years have included a radial-wini ground 
system. This type consists of a large number of generally radial wires, laid on or 
buried in the ground, extending out from the points of feed. Copper mesh is (?()m- 
monly included near the feed points to shield the ground from the high field (existing 
there and to serve as a convenient termination for the inner ends of the radials. Tlie 
outer ends are ordinarily terminated on ground stakes. As pertains to the design 
of all other parts of a low-frequency antenna, cost balanced against performance is 
the major consideration in determining the amount of labor and material to put into 
the ground system. The ground loss decreases as both the number and the length 
of the radials are increased. Up to 360 wires and lengths up to one-half wavelength 
have been used, although ordinarily that length is impractical at low frequencies. 
A design method applying to this type of ground system is given in Kef. 19. Instal¬ 
lations of radial-wire ground systems are described in Refs. 10, 14, 20, and 22 to 25. 
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Multiple-starground systems have been used in several VLF installations. In 
this type a number of relatively small radial-wire systems are scattered over that 
ground area in which aU significant ground currents occur. The ground current 
collected by each star is returned to the downlead by way of an overhead bus. For 
design purposes, the resistance of each star is calculated from a d-c equation such 
as®® 

(^) for n > 6 (19-12) 

where p = ground resistivity, ohms/meter cube 
n = number of wires in star 
I — length of each wire, meters 
a = radius of wire, meters 

The ground current collected by each star /, is determined according to the portion 
of the antenna flux assignable to the star. The total ground loss, watts, is 

then calculated. By dividing this loss value by the square of the antenna current, 
the equivalent ground resistance Rq is calculated. 


3200 FT. 



Fi<;. lO-F). Tnekerion, N.J., VLF umlirclla antenna. FfTcctive hniglU, .SIS ft; capacitance, 
().()r)() Atf; allowable voltage, KiO kv; <druuoncy at 18.000 kc, 22 ixt ctoit. (Courtvay of RCA 
CommunituUionft, Inc.) 

An oxa^»pl<^ of a inultiple-st-ar systein is that, shown in Fig. ifl-G, of the multiple- 
tuned Tuckorton umbrella antenna (Fig. llLf)). The “ecpializor” coil 1, shown in 
the figunj at the center star of the system for each download, is of such inductance 
that the same curnuit is drawn from the subsoil stiar to which it is connected as from 
other stars of the division. A bridge circuit is effectively formed by coil 2 combined 
with the capacitance from antenna to mast and the effective inductance of the star 
distribution system combined with the capacitance from antenna to ground. The 
inductance of coil 2 is adjush^d so that no current flows in the direct ground connection 
at the base of the niast. Coils 2 and 3 combined perform a similar function in regard 
to the current indiK^od in the copper tuning house. The antenna efficiency of 22 per 
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cent reported for Tuckerton is high considering the small amount of wire employed 
by the multiple-star ground system; however, the groimd problem there is relatively 
easy because the site is a salt marsh of extremely high conductivity. 

Multiple tuning was first employed in 1917 with the very-low-frequency New 
Brunswick antenna then under the control of the U.S. Navy. That antenna was 



Fig. 19-6. Multiple-star ground system of Tuckerton antenna (Fig. 19-5). Typical for 
each tuning coil. {Courtesy of RCA CommunicationSf Inc.) 



originally installed by the American Marconi Company as an invertod-L type (in 
accordance with Fig. 19-7 but without the unfed downleads). It had a ground sysUiin 
consisting of a number of plates buried in a 300-ft-radius circle with center at the 
feed point, plus 16 buried wires, spaced over the width and extending over the length 
of the flat-top. At 35 kc the input resistance of the inverted-L was 3.8 ohms and the 
radiation resistance was estimated to be 0.07 ohm. During the changeover to multiple 
tuning, experiments were made which confirmed that the field strength at a distant 
receiving position was dependent only on the total antenna current, Tho multiple 
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resistance obtained, with the tuning coil of each unfed downlead directly connected 
to all the buried ground wires by means of a transverse tie wire, was 0.9 ohm. With 
this arrangement, however, it was discovered that the most central buried wires 
carried almost all the ground current. To correct this condition “equalizing’^ coils 
wore inserted between the tuning coil and the individual ground wires, as shown in 
Fig. 19-7. These were adjusted to force an equal distribution of the current among 
the ground wires. The equalizing coils further reduced the multiple resistance from 
0.9 to 0.7 ohm. 

An overhead ground system called a “capacitance” ground has been used in con¬ 
junction with a buried system in some VLF installations. The function of the over¬ 
head system was to reduce the ground currents directly beneath the antenna, where 
otherwise they tend to be highly concentrated. Such a system was used for a time 
with the New Hrunswick antenna of Fig. l<)-7 after the changeover to miiltij>lo tuning. 



Fia. 19-8. Rocky Point, N.Y., VLF antenna. EiTective Innght, 1272 ft; eapaeitain^e 0.050 /if; 
allowable volta«<\ 150 kv; eflieituuw at 18.220 ke, 10 per e(*nt. {(Umrlvifif of liCA Com- 
municationn, Inc.) 

described above*. In that case the eapacutanco ground ('.onsistpi^l of a grid of wires 
about 10 ft above gnmnd and covering most of the anui directly under the antenna. 
The connections of th<^ buried system and the capa(dtane,e ground to the tuning coils 
were such that th(i latt(‘r op(Tat(*d at a ])Otential opposite to that of the antenna with 
respect to ground. The relative potentials were so adjusted that the ground current 
divided equally between t-h<^ two sysUuns. This e.apacitance ground was elT(^ctive in 
reducing the multiple resistance from 0.7 to 0.5 ohm. On the other hand, it re<iuirod 
much maiiitenaiKuii because^ of damage by i<*.e siorins, and it hindttr(Hl maintenance 
aloft to such an <^xtent that it was finally discarded. At the time of removal, the 
buried-wire ground Kyst(*m was overluuiled and improved so that a still lower valuer 
of multii)l(‘ resisiuiKH! (0.85 ohm at 22 kc) was obtaimul. 

AnotluT example of a ground system for a inuUiple-tuncKl antenna is that of tlie 
Rocky Point antenna (Fig. 19-8). Sixty buried “stars,” half on ea(ih side of tlu^ 
antenna, are locjated with tludr (tenters spaced 250 ft on linos 150 ft from the line of 
towers. Each star consists of 40 wires, each 125 ft long. From the stars, buried 
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wires spaced 10 ft extend out alternately to distances of 500 and 1,000 ft from the 
line of towers. Figure 19-9 shows the ground distribution and equalizing system for 
each tower and downlead. The ground connections shown in the figure arc to the 
buried stars. The distribution buses run the entire length of the antenna and are 
supported on telephone poles. The equalizing coils are wound on those poles and 
are adjusted to give equal current at each grounding point. The tower coil, which is 
connected between the distribution bus and a lead sloping up to the tower^s 60-ft 
level, is adjusted to divert the tower current from its normal path through the earth 
into the overhead distribution system. 



Fig. 19-9. Ground-distribution and equalizing system for Rocky Point nutonna (Fig. 19-8). 
Typical for each downlead. {Courtesy of RCA Communications, Inc,) 

An example of a recently designed ground system for a VLF multiple-tuned antenna 
is that of the Air Force antenna at Marion, Mass. * This antenna, which is practically 
the same as the New Brunswick antenna of Fig. 19-7, was used in the past by RCA 
Communications, Inc., with a ground system similar to that described above for New 
Brunswick, excepting that, at Marion, a number of stars covered an additional area 
nominally 250 ft beyond the periphery of the antenna. An overhead distribution 
system, with equalizing cods to distribute the ground current both longitudinally 
and laterally from each downlead position, was employed. Under more recent oper¬ 
ation by the U.S. Air Force at a frequency about 26 kc, an average value of multiple 
resistance of 0.32 ohm, with variations up to 0.615 ohm when the ground was very 
dry, was obtained. The multiple resistance was estimated to be made up of radiation 
resistance 0.050 ohm, resistance of tuning coils and antenna wires 0.140 ohm, and the 
remainder ground-loss resistance. Thus the estimated average ground-loss n^sistance 
was 0.130 ohm, and the average efficiency was 0.05/0.32, or 15.6 per cent. 

Besides being very inefficient under prolonged dry-weather conditions, the ground 
system at Marion developed several minor faults in its overhead portion, causing 
interference to local broadcast and television reception and also starting several 
field fires. Consequently, the Air Force sponsored a rehabilitation under which the 
overhead ground distribution was removed and a buried radial-wire system, sketched 
in Fig. 19-10, was installed over the original buried portion. The only overhead 
members included in the revised installation were two cages running from a copper 
square between the two end downleads to the transmitter and to tuning coil l/i, 
respectively. The value of multiple resistance obtained after the rehabilitation was 
0.219 ohm, which figure represents an estimated ground-loss resistance of 0.029 ohm 
(22 per cent of the previous average value) and an efficiency of 23 per cent. 

* Descriptive details and performance characteristics of both original and rehabilitated 
ground systems were furnished by J. L. Finch of RCA Communications, Inc., with per¬ 
mission of the U.S. Air Force. 
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Fig 19-10 Rehabilitated ground system of Air Force VLF antenna at Marion, Mass. The antenna is practically the same as the 
New Brunswick antenna (Fig. 19-7). (Courtety of U.S, Air For^ and BCA Communteahons, Inc.). 
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The extensive usage at VLF of the multiple star and other special types has tended 
to complicate the standardization of low-frequency ground-system design. It has 
been argued that the special types and the overhead distribution and equalizing 
systems, although not necessary at higher frequencies, are required at VLF because 
of the extra difficulties of the grounding there. The question has remained open 
because of the general lack of quantitative experimental "^F data available by which 
the performance of the various types coxild be compared under equal circumstances. 
The recent Air Force results at Marion are especially important in that they tend to 
oppose the arguments favoring the special types of systems. With the same antenna, 
site, and expanse of ground system and at the same very low frequency, a generally 
radial ground system resulted in considerably less ground loss than had previously 
been obtained with a combination of multiple stars, parallel-wire grid, and a complex 
overhead distribution and equalizing system. 

Even though, on the basis of evidence now available, the radial-wire system were 
to be accepted as preferable to any of the special types, the design of low-frequency 
ground systems would necessarily remain relatively unstandardized, as compared with 
ground systems for broadcast radiators. This is because of the extra importance 
and variety of the economic factor, the requirement of lower values of ground loss 
due to the electrically small size of the antennas, and the variety of antenna typos used 
at low frequencies. 

19.6. MISCELLANEOUS PROBLEMS OF LOW-FREQUENCY ANTENNAS 

The large physical size and the electrical smallness of low-frequency antennas cause 
several miscellaneous problems. These are especially evident in VLF antennas but 
may also be present in the larger or higher-power LF antennas. 

A low-frequency installation involves a considerable amount of structual design. 
The wires in the antenna are subject to loads because of their own weight, the weight 
of ice (in most locations), and windage. Ice loading and windage are especially severe 
in the far north, and windage is high in hurricane belts. Stresses in the antenna wires 
and halyards are dependent on allowable antenna sag and shift, which may be limited 
by electrical considerations. In order to limit stresses in the antenna and loads on 
the towers, halyards are sometimes provided with counterweight assemblies or friction 
drums. Provisions are often made to melt sleet on the flat-top by means of CO-cycle 
power. Protective devices may be added to release the flat-top when failure of the 
60-cycle power supply caus^ the ice formation to be especially heavy. Those subjects 
are treated in more detail in Refs. 26 to 28. The structural design of low-frequency 
antennas is a specialized field, the details of which are usually accomplished by the 
companies furnishing the towers or the antenna wire. However, bc(;ause of practical 
and economical considerations and the interrelation of design problems, the antenna 
design is generally the result of a considerable amount of mutual effort by structural 
and radio engineers. Interesting antenna structural information is contained in 
Refs. 6, 10, 11, 20 to 23, and 29 to 34. 

VLF antenna insulators are generally of tubular porcelain. To withstand the largo 
mechanical loads provided by large flaUops, tubes up to 6 in. in diameter and rated 
at working loads of about 12,000 lb are used; often two, three, and four of these are 
connected in parallel by means of load-equalizing yokes. Insulators up to 6 ft in 
length and rated as high as 150 kv are employed. In a few cases two are connected 
in tandem to withstand still higher antenna voltage. Individual porcelain insulators 
have very small losses, but a typical VLF antenna may use enough of them so that 
they dissipate an appreciable amount of power. Losses in such insulators arc dis¬ 
cussed in Refs. 29 and 36. Another type of insulator having higher mechanical load 
ratings than the conventional porcelain type has been incorporated in several LF 
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antennas in recent years. This type consists of an oil-filled porcelain tube containing 
a safety core” (a phenolic-resin impregnated link between end caps).®-'^ 

The question of whether or not to insulate the guys and masts supporting flat-tops 
is mainly an economic one. These insulators tend to reduce the charges induced in 
the guys and masts and thereby to increase the antenna's effective height. If the 
insulators are used, it is extremely important, because of the high voltages to which 
they are subjected, that the insulation material bo of high quality. Base insulators 
we employed to advantage in the masts of the Rugby antenna.®® On the other hand, 
in the case of the Tuckerton umbrella of Fig. 19-6, a considerable increase in antenna 
efficiency was obtained by replacing weathered insulators in the central mast with 
metal blocks. The insulation of guys and masts is discussed in more detail in Refs 6 
14, 29, 30, and 37. 

Corona is an important design consideration of VLF antennas because of the 
extremely high voltages to which they are subjected. As the power into the antenna 
is increased above the point at which corona discharge starts, the antenna input 
resistance increases rapidly, representing a corresponding decrease in efficiency. 
Ordinarily, precautions are taken in the antenna design to prevent the occurrence of 
corona. Consideration is given to voltage gradients in the selection of wire size 
(hollow and jute core conductors have been used on this account), and attention is 
given the elimination of sharp corners on antenna fittings and to maintaining large 
separations between high-potential components and grounded objects. These repre¬ 
sent electrostatic problems the solution of which can be facilitated by calculations 
according to Howe's method or by use of the water-tank experimental method. 

The losses in the tuning coil and variometer of a VLF antenna are usually appreci¬ 
able. These losses occur in the coil conductors, in the coil frame, and in the surround¬ 
ings. The loss in the conductors can be made small by using Litzondraht wire having 
thousands of insulated strands, each 0.005 to 0.010 in. in diameter, and by making the 
coil physi(!ally largo. The loss in the frame is made low by the use of low-loss insu¬ 
lating material, such as ponselain, and the absolute minimum of metal fittings. In 
order to make the loss in the surroundings as low as possible, the room containing the 
tuning coil is often lined with copper sheet. References 20, 22, 29, 30, and 36 contain 
interesting information in regard to existing tuning coils and variometers for VLF 
antennas. 
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20.1. INTRODUCTION 

Genial. Medium-frequency broadcast transmitting antennas are generally verti¬ 
cal radmtors ranging in height from one-sixth to five-eighths wavelength or higher, 
epen mg upon the operating characteristics desired and economic considerations. 
The physical heights vary from about 150 to 800 or 900 ft above ground, making the 
use of towers as radiators practical. The towers may be guyed or self-supporting; 
they are usually insulated from ground at the base, although grounded, shunt-cxcitod 
radiators are occasionally employed. 

Scope of Design Data. The design formulas and data in this chapter arc primarily 
applicable to broadcast service (635 to 1,605-kc band). However, the basic design 
pnnciples are vahd for transmitting antennas for other services in the medium- 
frequency band (300 to 3,000 kc). 

Characteristics of Radiators. Maximum radiation is produced in the horizontal 
plane, increMmg with radiator height up to a height of about fivo-oighths wavelength. 
The radiated field from a single tower is uniform in the horizontal plane, but dooroasos 
with angle above the horizon and is zero toward the zenith. Radiators taller than 
one-half wavelength have a minor lobe of radiation at high vertical angles; for a 
height of one wavelen^h, the energy in this lobe is maximum and negUgible energy 
IS radiated in the horizontal pl^e. Radiators taller than five-eighths wavelength 
be utilized by sectionalizing the tower approximately each half wavelength 
(^anklm type) and supplymg the current to each section in the same relative phase. 

^ .u radiation patterns for several commonly employed antonna 

he^hts, both for constant power and for constant radiated field in the horizontal plane. 

Ground Currents. Current return takes place through the ground plane surround¬ 
ing the antenna. High earth current densities are encountered and require metallic 
ground systems to minimize losses. 

Choice of Plane of Polarization. Vertical polarization is almost universally employed 
because of superior ground-wave and sky-wave propagation characteristics. Ground- 
wave attenuation is much greater for horizontal than for vertical polarization, and 
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ionospheric propagation of horizontally polarized signals is more seriously influenced 
by geomagnetic latitude and direction of transmission. Horizontal antennas immedi- 
ately above ground produce negligible fields in the horizontal plane, but radiate 
relatively large fields at high vertical angles for low antenna heights. This high-angle 
radiation is desirable only under special circumstances. 



RADIATED POWER - I KW 

ortical radiation p 
Broadcast Technical Standards,) 


effective field for 
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Performance Required of Medium-frequency Broadcast Antennas. The per 
formanco required is dotomiinod by the class of station and channel assignment. In 
North Amcric^, three classes of broadcast channel are established: clear, regional 
and local. Class I stations, operating on clear channels, are assigned to provide 
ground-wavo service during daytime and both ground-wave and sky-wave service 
at night. All other classes of station are assigned to render ground-wave service 
only. Class II stations arc secondary stations operating on clear channels, employing 
directional antennas to protect the service areas of Class I stations Class III 
stations are assigned to regional channels and employ directional antennas where 
re<iuired for mutual protection. Class IV stations are assigned to local channels* 
both (lircMdional and non directional antennas are authorized. * 

Minimum nuiuired antenna performance and power limitations for each class of 
broadcast station in North America arc established by treaty as shown in Table 20-1. 


Table 20-1. Antenna Performance and Power Limitations 


(-lass of station 

Required mininuini 
effoctivo field 

Minimum and 

for 1-kw power 
(iinattonuatcd field 
at 1 mile), inv/mctcr 

maximum power, 
kw* 

1 

225 

10 ~60 

11 

176 

0.25-60 

UI 

175 

0.6 -5 

IV 

150 

0.1 -1 


* IliKlier powors nitiy 1)0 employed on certain channels. 

(Jlass I HtatioiiH, whicli render both ground-wave and sky-wave service at night, 
requin* radiation patterns in the vortical planes to provide maximum sky-wave signal 
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beyond the primary (ground-wave) service area and miniTnnm sky-wave signal withm 
the primary area (antifading antennas)^. 

20.2. CHARACTERISTICS OF VERTICAL RADIATORS 

Assumptions Employed in Calculating Radiator Characteristics. Characteristics 
of tower antennas are ordinarily computed assuming sinusoidal current distribution 
in a thin conductor over a perfectly conducting plane earth, with wavelength along 
the radiator equal to the wavelength in free space. The effect of the earth plane is 
represented by an image of the antenna as shown in Fig. 20-2. These assumptions 

provide sufficiently accurate results for most 
purposes, but in the determination of base 
operating resistance and reactance the finite 
cross section of the tower must be taken into 
account. Also, the finite cross section modifies 
the vertical radiation patterns slightly. This 
effect is of significance only in antifading an¬ 
tennas for clear channel stations and in certain 
directional antenna systems (discussed in Sec. 
20-4, Directional Antennas). Except as noted, 
all formulas and data in this chapter are based 
on the assumptions stated above. 

Field Produced by Vertical Radiator. The 
field in the horizontal plane is a function of the 
current flowing and the electrical height. For 
uniform current in a vertical radiator over a 
perfectly conducting plane earth, the radiated 
field is 0,651 mv/meter (unattenuated field at 
.. . ^ 1 mile) per degree-ampere. For other current 

distnbutions, the radiation is proportional to the maximum current and the form 
factor K of the antenna. For sinusoidal current distribution, the radiated field is 

Er =* 37.26/o(l - cos O) unattenuated field, mv/meter at 1 mile (20-1) 
where Jo ■= loop current, amp 

1 - cos (7 =a iiT, form factor for sinusoidal current distribution 
G = electrical height of radiator above ground 
Radiation Resistance. The loop current lo is related to the radiated power Pr by 
the loop radiation remtance Rr = Pr/h\ Figure 20-3 shows the radiated field for 
a power of 1 kw and the radiation resistance as a function of antenna height Q. The 
radiation resistance may be calculated from 

Rr = 15{4 cos2 Q Qn {2G) - cos 2(? Gin (40) - sin 2G[2Si {2G) - Si (4^)]} (20-2) 


where 

Cia(*) = 

Jo X 

(cosine integral) 


= In a + C - a (a) 



a (a) - - 

Jx X 

(cosine integral) 


C - 0.5772 • ■ - . (Euler’s constant) 

o* / \ f * sin X , 

Bi (x) - —— dx (sine integral) 



Fia.^ 20-2. Current distribution on 
vertical antenna and image of ver¬ 
tical antenna over perfectly conduct¬ 
ing plane. 
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operating Base Resistance. For sinusoidal current distribution, the hose radiation 
resistance is related to the loop radiation resistance by /2r(base) =» /2r(ioop)/sin* O. 
However, the actual base resistance of a practical to^ver radiator may vary widely 
from this value because of the finite cross section of the tower and other effects. The 
operating base resistance and reactance may bo estimated from Fig. 20-4a and 6,* 
which shows the btise rosistaiu^e and reactance as a function of the characteristic 
impedance Zq of the radiator, given approximately by 

~ 00 ^In ^ ohms (20-3) 


where a =* equivalent nuliu.s of antenna [Chap. 3 and Eq. (21-40)). Resistance and 
r(‘a(dance measureiiKuitH by brown and AVoodward* on cylindrical scale models of a 
tower antenna over a ndlec.iing plane are given in Figs. IW and 3-4 where the notation 
for the height .1 c.orri^sponds to the notation G of this chapter. 



280 

270 

260 ^ 

(/> 

250 £ 
240 z 
230 * 
220 Z 
2'0§ 
200 S 

q: 

190 M 

180 3 

170 ^ 
160 ^ 
150 


Fi(». 20-3. Hadiat(»d field and ra<liation rcHistauce as a func.fcion of antenna height O. 


Vertical-radiation Characteristic. The relative ludd pattern in a vertical plane 
through the? radiatior is known as tlu^ vcrlicai-radialion charavitTistic. It is dcfiiuod os 
having unit value in the horizontal plane (^ =* 0®).* Btised on the assumptions 
statcMl above, tlie vertical-ra<liati()n (diarac.leristic is 


ffrL) ^ 

(I — <w)H G) eoH 


(20-4) 


Values of the vcrtie.al-radintion (diarH(d.(M'iHticH for a luimbor of antenna heights are 
given in Fig. 20-5. 

* The Hytn))ol \ff is used in this Handbook to denote ehwation angle above the horizontal 
plane, in ac<;ordane<' with IllK r<^(^oiuni<>nd<*d standard notation. Th<» symbol 0 has been 
c<)juinonly used in m<>dinm-fr(Mpi<Mi(iy anttuina d<*Hign to denote this angle, and this usage 
will hcf found in various r<ihir<uic(»H. However, the IKE reeoniinendation is followed in this 
chapter to provide a notation (u>nniHtent with that, employed in the remainder of the book. 
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Fia. 2(Ma. Base resistance of oyUndrioal antennas as a function of characteristic 
Zo. {Reference 2.) * 


General Formulas for Calculating Radiating Characteristics. The form factor and 
vertical-radiation characteristic establish the radiated field in the horizontal and 
vertical planes. For any current distribution, they may be detcrniincd from 
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l'T<i. 2(Mh. BiiHii of cyliiidrinal antciuiUH an a function of clinractcristio impodanoo 

Zo. {Rvfvrvnce ii.) 


whoro z = hoiRlit of ourn'iii (*l<‘nuMit dz 
/ (z) = curroiit at z 
/() => miixinmin oiirnMit. in nuliator 
yj/ » olovation anKl<^ 

Th(* radiation roHintanoo is* 


Hr “ <>() lA’/WI* cos ^ (20-fi) 

Tli(\so iiitoji;ratioriH may ho ixirforinod graphically. It in convenient to integrate 
* An altornativo nu'thod of <'al(*ulation iH Kivtm by Carter.^ 
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Eq. (20-6) in polar coordinates by plotting Kf^,) Vcoi^- The area of a quadrant 

m polar coordinates la A = ^dff, 

Jo 2 

Effects of Finite Cross Section. Current Diatrihutiem. The effect of finite tower 
cross section on the current distribution and vertical-radiation characteristic may be 
taken into account by assuming a current distribution of the following form suggested 
by Schelkunoff*: 

I{z) = /o sin [ 7 ((? - z)] -I- jkloiooa yz - cos yG) (20-7) 

where h = maximum in-phase cuirent 

y = XoA ratio of wavelength in free space to wavelength along tower 
G = height of tower, electrical degrees 
k « 60/(Zo — 45) for antenna heights near X/2 
Zo = 60[ln (2G/a) — 1], characteristic impedance of tower 
a =» equivalent tower radius [Eq. (21-40), p. 21-16] 

When the cross section is vanishingly small, Zo is very large. A; 0, and the current 
distribution approaches the simple sinusoidal. 

For short towers, this current distribution is very nearly the simple sinusoidal; for 
a quarter-wave tower, the two are identical, except for the reduced wavelength. Vor 



Fkj. 20-0, of finite <tohh section on current and phase distribution along a 190® tower. 

CUirvcH h wor(i eonipuUMl from lOq. (20-7). 

towers higher than a (piartcir wavelength, the departure becomes significant. Figure 
2()-() sliows th(^ calculated ndative amplitude and phase of the current for a height 
of 100®, basesd on both asHumptions and the results of actual measurements. The 
measiiromentH wcire taken at 1,420 kc on a guyed tower of uniform triangular cross 
section .UiO ft high and 2 ft on a side. A value of A; 0.132 was established for these 
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dimensions. The value of 7 , estimated by establishing the resonant length X/2 for a 
tower of this cross section from Fig. 20-46, was 1.094. 

Vertical-radialim Characteristic and Form Factor, Applying Eq. (20-5) to the 
Schelkunoff current distribution, the form factor Ki and vertical-radiation charac¬ 
teristic / 2 (^) become 




L 'ya — sin* V' 

_ sin yp cos yG sin {G sin cos ^yG sin {O sin \j/) 1 ^ 


Figure 20-7 shows vertical-radiation characteristics for a 190® radiator for the throe 
current distributions of Fig. 20-6. The variations are relatively small and would 



Fia. 20-7. Computed vertical-radiation characteristics for the current distributions of 
Fig. 20-6. 


have only minor practical effects in nondirectional radiators or in dircctional-aiitonua 
systems employing identical towers. However, for dircctioiial-aiitciina systems 
employing tall towers of different heights, the variations in amplitude and phase of 
the vertical-radiation characteristics must be taken into account (see Sec. 20 . 4 , 
Directional Antennas). 

Shunt-fed Radiators. Energy may be supplied to a grounded tower by shunt 
excitation, using a. slant-wire feed as shown in Fig. 20-8a. The dimensions h/\ and 
d/\ shown in the figure determine the impedance at the end of the slant wire. Figure 
20 - 8 a shows the impedance of a quarter-wave shunt-fed tower as a function of those 
dimensions, as measured by Morrison and Smith.« Figure 20-86 shows the variation 
of impedance with frequency for a tower of fixed dimensions. 

The currents in the slant wires and between the tap point and ground modify the 
vertical radiation pattern of the shunt-fed tower and result in a slight nonuniformity 
in radiation in the horizontal plane. Figure 20-9 shows typical variations in vertical 
pattern resulting from shunt feed. The radiated field from a shunt-fed tower is 
essentially the same as that from a series-fed tower of the same height. 
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1. IDEAL VERTICAL PATTERN FROM SINUSOIDAL THEORY 

2. MEASURED PATTERN NORMAL TO FEED-WIRE PLANE 

3. MEASURED PATTERN IN PLANE OF FEED-WIRE 

Fig. 20-9. Effect of shunt feed on vertical-radiation characteristic. {Reference 27.) 
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Top-loaded Radiators. The radiating characteristics may be modified by altering 
the current distribution. Top loading is sometimes employed, with a capacity '*hat” 
mounted on the tower top. This capacity has essentially the same effect (within 



limit-H) JiH iiirn'jisiiig tho t.<)\v(T luught. A <'.apa.(*.iiy disk of rndius r at the tower top 
is oquivahait to aa elo<itri<ial length of 


H 


Ifiir 


(20-9) 


Zq is defined in lOq. (20-3). 

1 he vertic.al-radiatiou characteriHtie and form factor of the top-loaded antenna are 
given by® 


=s (/I win ^) — cos Q 

008 ^l/ . 


\vhor(i .‘I — (‘l(‘e(,ri(nd luMght of v(*rti<?al portion of antonna 

B « <Mpiivalent (^Ie<dri<?al height of top load [Eep (20-0)] 

Q ^ A H 


(2()ul0) 
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Figure 20-10 shows computed effective fields for top-loaded antennas of various 

heights. 

Sectionalized Radiators. EJfects of Sec- 
tionalization. Antenna heights above five- 
eighths wavelength may be employed to 
obtain increased effective field by dividing 
the tower with insulators into sections of 
approximately one-half wavelength. The 
currents in each section are maintained in 
phase. Figure 20-1 la shows the computed 
increase in effective field using such 
sectionalization. 

For heights less than one wavelength, 
the tower may bo sectionalized in cither 
of the arrangements shown in Fig. 20-11&. 
The vertical-radiation characteristic for the 



Fig. 20-1 lb. Two methods of sectionalizing 
vertical radiators. 


two arrangements, based on simple sinusoidal current distribution, is 

2 cos (90 sin cos (H sin + cos {G\ sin — cos Oi 
cos 

2 cos (Oi sin ^^)[cos (Oi sin - cos Oi] 
cos 


Case I: Kf{'4') ’ 

Case II: KfW 


(20-11) 

(20-12) 


Effects of Finite Cross Section of Sectionalized Radiators. The actual current dis¬ 
tribution on sectionalized towers varies from simple sinusoidal in the manner dis- 



RELATIVE MAGNITUDE RELATIVE PHASE 

OF CURRENT OF CURRENT 

(a) (b) 

Fig. 20-12. Effect of finite cross section on current and phase tlistribution along « section¬ 
alized tower having an over-all height of 322®. Curves b were (‘oinputcMl from Eq. (20-13«) 
and (20-13b). 
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cussed above. In this case, the upper section of the tower is a half wavelength (or 
very nearly so) and the base termination is adjusted to provide the a«».Tn« current 




Fki. 20-14. Ooinputod and meaHiired vertical radiation patterns for the 300® soctionalizod 
ra<liator m uwi at WHO, Ihts Moinos, Iowa. The ineaHuri'montB were made tliroucli tlie 
uw! of a h(!h(!optor. (Courfcsj/ of CerUral liroadcmling Co.) 


distrihulion on the lower section as on tlio upper section. For those conditions, the 
currents arc (Fig. 20-11ft, Case I): 


/■(*) 

top section = f„ sin (y((7o - «)| -h j>/„ll + cos 17(01 - z)ll (20-13a) 

hiz) 

bottom section - /„ sin | 7 (f 7 , - z)| +j>/„|l -|- cos ( 7 ( 0 , - z)|l (20-136) 

where 7 = X„/X, ratio of wavelength in free sfiace to wavelength along tower. 

Hie form factor and the vertical-radiation churaclcristio are given by 


f^afaW = ^ Icos (trii sin ift) — cos -yGi — 2 cos yn COS (f7i sin \li)\ 

. , (sin (f/o sin ^) , 7 f . „ 

-t- jfc cos (ft I ^. -I- I^sin 7 C 1 - 2 sin 7 ^ cos (Oi sin 


sin ^ sin ((7o sin 


]} (20-14) 
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Figure 20-12 shows the measured current distribution on a sectionalized tower com¬ 
pared with that for the two assumptions. Figure 20-13 shows the vertical-radiation 
characteristics; curve C was determined from Eq. (20-5) by mechanical integration. 
Figure 20-14 is a measured vertical radiation pattern for a sectionalized tower having 
similar electrical dimensions. 

20.3. GROUND SYSTEMS 

General Requirements. The ground system for a medium-frequency antenna 
usually consists of 120 buried copper wires, equally spaced, extending radially outward 
from the tower base to a minimum distance of one-quarter wavelength. In addition, 
an exposed copper-mesh ground screen may be used around the base of the tower when 
liigh base voltages are encountered. 


10 



RADIUS OF ZONE - ELECTRICAL DEGREES 

Fig. 20-16. Zone currents returning to the antenna as a function of antenna height O. 

Wire size has a negligible effect on the effectiveness of the ground system^ and is 
chosen for mechanical strength; AWG No. 10 or larger is adequate. The wires are 
buried for mechanical protection. A depth of 4 to 6 in. is generally adequate, although 
the wires may be buried to a depth of several feet if desired in order to permit culti¬ 
vation of the soil. When such deep burial is required, the wires should descend to 
the required depth on a smooth, gentle incline from the tower base, reaching the 
ultimate depth some distance from the tower. If this precaution is observed, the deep 
burial will have relatively little effect on the effectiveness of the ground system for 
tyi)ical soil conditions. 

Nature of Ground Currents. Ground currents are conduction currents returning 
dir(H?tly to the base of the antenna. The total earth current flowing through a cylinder 
of radius x concentric with the antenna is known as the zone current. It is a function 
of tower height and is given by 

/wno = J'olsin ra - cos G sin a; -h j(cos ra - cos G cos a;)] (20-16) 

where / o = loop antenna current 

Q « electrical height of antenna 


Figure 20-15 shows the variation of zone current with antenna height and zone radius. 
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Effect of Ground-system Losses on Antenna Performance. Ground-system losses 
dissipate a portion of the input power and reduce the field radiated f^^he 
Thew losses are equivalent to the power dissipated in a resi^or m senes with the 
antenna impedance.' Computed values of radiated field based on an assumed seiiM 
loss resistance of 2 ohms give results for typical installati^s “ 8°®*^ 
actual measured effective field strengths. The curves of Fig. 20-3, 
field “with 2-ohm loss, ” are computed on the basis of this assumed power dissipation. 
Lr dircctionaJ-antenna systems (Sec. 20.4), a series loss of 2 ohms is assumed for 

**^Eff^^orLocal Soil Conductivity on Ground-system Requirements. A less elabo¬ 
rate ground system may be effective in soil of high local conductivity, • although 
adequate local-conductivity data are rarely available. + n 

For a sea-water site (conductivity, approximately 4.6 mhos/metor), the salt water 
provides an adequate ground system; a submerged copper ground screen is employed 

to make “contact” with the salt water. . 

Ground Systems for Multielement Arrays. Individual ground systems are 
for each tower of a multielement array. If the individual systems would overlap. 


120 RADIALS SPACED EVENLY 
AROUND EACH TOWER 



the adjoining systems are usually terminated in a common bus. 

may be installed around each tower when high ground currents are expected. g 

20-16 shows a typical multielement ground system. 

20.4. DIRECTIONAL ANTENNAS 

Purpose of Directional-antenna Systems. A directional antenna cm^oys two ot 
more radiators to produce radiation patterns in the horisontaJ and vertical pknj 
different from those produced by a single radiator, t 

pally used to reduce the radiated signal toward other stations on the same or adjacent 
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to avoid interference, although the resulting concentration of radiated signal 
in other directions may be utilized to improve service to specific areas. 

Pennisdble Values of Radiation. Methods of computing interference and estab¬ 
lishing maximum permissible values of radiation to avoid interference are described 
in detail in the Federal Communications Commission {FCC) Broadcast Technical 
Standards. For interference from ground-wave signals, radiation in the horizontal 
plane only is considered; from sky-wave signals, throughout a specified range of 
vertical angles. Suppression of radiation is required over sufficient arc to subtend 
the protected station's service area. 

Computation of Pattern Shape. Fundamental Considerations: Two-element Systems. 
The principles underlying the computation of shape of radiation patterns from two- 
element arrays are fundamental and may be extended to the computation of shape of 
patterns from multielement arrays. 



Fia. 20-17. Notation used in Eq. (20-16). 


The field strength at any point from two radiators receiving r-f energy from a 
common source is the vector sum of the fields from each of the two radiators. At 
large distances the antenna system may be considered to be a point source of radiation. 
Eeferring to Fig, 20-17, and considering tower 1 to be reference, or zero, phase, the 
radiated field from the array at the angle is 

Er = EJiW/0 + E2f2W/c^ (20-16) 

where a 2 , the difference in phase angle between the two fields, is the sum of the time- 
'phase-angle difference A a and the apparent space-phase-angle difference: 

as = s cos <P 2 cos ^ + As (20-17) 

where Ei « field radiated by element 1 
E 2 = field radiated by element 2 

= vertical-radiation characteristic of element 1 
“ vertical-radiation characteristic of element 2 
For towers of equal height, 

Er = f(4')[Ei* + + 2 EiE 2 cos (s cos <pcos As)]^ (20-18) 

Letting F 2 = E 2 /E 1 and rearranging, 

E, = y/Wi (s vooai + Aa)(20-19) 

The second term under the last radical in Eq. (20-19) varies with <p and <l> from -1 
to +1; the first term is always equal to or greater than -HI for real, positive values of 
Fs and is unity when Fs = 1. 
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The magnitude of Et is a minimum when 

cos (a cos tp cos ^ + ■•‘ia) = 


20-19 


( 20 - 20 ) 


which occurs when s cos ^ cos ^ + Aa = 180 ± 360a degrees; if F, - 1, Er will be 


For Ft = I, Eq. (20-19) simplifies to 


Er - 2Ei cos cos cos i;- -I- 


( 20 - 21 ) 


Combinations of equations of the two-elomcnt form are widely used m estebhshmg 
an?oomputing patLns for multielement arrays. Horizontal-plane patterns ^r 
two-element arrays for a variety of spacings Ph^mgs are sho^^ 
mtterns shown* are for equal fields in the two radiators {Ft =* 1), the effect ot 
Lds is to “fill” the nulls of the pattern. For a given spacing P®®^“ 

of the minimum is changed only by changing the phase angle. The value of Er 

™y. ot ot mo« olomoot. moy bo .o«pot.d b, » ..b«».b of Kq. (20-16). 
For three elements as shown in Fig. 20-18, 



Fig, 20-18. Notation used in Eq. (20-22). 


Er “ JS?i/i(^)/0 + Eift{^)/ot2 -I- EJ‘i{yp)/^ (20-22) 

or in general for n elements, 

Er - EJ.(.m + + W)/^^ -!-•••+ EJM/cu (20-23) 

i. ssy tot »o« dorto. p«t.«- 


Fio. 20-19 


♦ The phase angle A 2 is equal to 360° T. 
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Er « EJ(^) Vir^ I + cos (5 cos ^ cos + 02 ) j 

fl + fa* , , 1 1 

[~ - 2 r 3 ^ cos ^ + aa) | (20-24) 

2/42 = Ti/i^ -[- ra/oa 
Fa/Aa = r^u/a^ + 03 


I/O ^Alh± 


Fig. 20-20 


Er =» VSrv^ 11^- 4- cos (s cos ^ cos ^ -f- aa) J 


+ cos (a cos ^ cos ^ -f- ( 


+ eos (« cos p cos if' + aO] (20-25) 

- i — y_ 


F« ra^ -f ra/^ + rj/aj 

Fa/Aj « rafa /oa + fla + r^r^ la^ -|- 04 4 - rit ja^ -j- O 4 
F4^A4 = rjTzr Ja^ + Oa 4- Q 4 

® ® ( 3 ) 0 0 

o-S —- o S - O S s n » 

•Z 2 . F 2 ^ F 3 /A 3 

Fig. 20-21 

Er - if,/(if) V 16 rif.r 4 r. | + cos (s cos p cos if + os)] 

(« «°® P cos If + o.)] + cos (s cos V cos If + 04 )] 

fl + n® , , 11 ^ 

[“" 2 r;-1- cos (8 cos ^ COS 4- Os) [ (20-26) 

Fa^ « ra^ -f r,^ 4 . r 4 ^ + n/a^ 

Fs^ -= rara /oa 4- Oa H- r2r4 /a2 4- 04 4- rtu /ai -j- Ca 

p / ^ . +r8r4 ^3 4- 04 + rars /oa + Os + -f- as 

F 4 /A 4 =» r^TiTA /at 4- fla 4- 04 4- rarara /aa 4- fla 4- Ob 

n / J / , . T2TAT6 /(li +04+^6 + TzVATj /az + ^4 4- ^6 

*fi/Aa ™ f 2 ^ 8 ^ 4 ^ 5 /03 ~j~ 0^3 *•}" O 4 ~t~ Gs 




Fig. 20-22 


•Br - B,/(if) \/4FtF, I + cos («is cos p cos if + 42)1 

r 1 + Be* n 1 V 

[— 2 pr h cos [s,a cos (»> - v^,) cos if + 4 I,] j- 

provided Ft/^ = PefeMe + A,. 


(20-27) 
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In these formulas, the field is the product of several two-element-array expressions 
and will be zero whenever any of the component expressions are zero. For rn 1, 
the position of the minima may be shifted slightly; however, this shift is usually small. 
Formulas (20-24) to (20-27) are valid for computing patterns in the vertical planes 
only for towers of equal height. 

Other frequently employed expressions for the radiated field from multielement 
arrays are as follows. 

(D 0 ® 

O— S-o- S --- 

\ltL f A^2 

Fig. 20-23 

Er “ Ei[fi(\f/) cos AI + 2Ffi,z(yl/) cos (» cos ^ cos ^ -H As) -f jfiW sin Ai] (20-28) 

The imaginary term vanishes for Ai = 0, and nulls will be produced in the hori¬ 
zontal plane where 

s cos ^ + Aa = cos-1 ^ (20-29) 

Formula (20-28) may be employed for computing patterns in the vertical planes 
where the center tower is of a different height from the end towers; the latter, however, 
must be of the same height. 



Fig, 20-24 


Kr => 2/i?i (/i, 2 (^) cos («i cos <p cos ^ -h Ai) -f cos [Si cos {<p — <pd) cos ^ -b Aa]} 

(20-30j 

Formula (20-Ji()) may be cmpl<)yo<l for towers of unequal height if /i(^) =* / 2 (^) 
and/3(^) 

Computation of Pattern Size 

1. Ocntral. Formulas (2()-l()) to (20-30) establish the shape of radiation patterns; 
to (l(‘t(‘rmino the inagjiitmh^ of ra<liation, tho rejerenev. field E\ must bo evaluated. 

2. Total real stance. Tlu^ current /1 in tho roferciKw element is related to the total 
radiahul power Pr by tho total roaiaiance lit of tho array: 

Rii - ^ (20-31) 

I r 

where th<i subH(^ript 1 ii»<li<iat(^H that the total resistance is referred to the current in 
(*l(‘meat 1. Tho radiaU^d fi<dd is dir(»ctly proimrtional to the current, and 



(20-32) 
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where Eq is the effective field of the reference element, operating independently and 
without loss, and J2ri, the radiation resistance, as shown in Fig. 20-3. The total 
resistance is calculated from the operating resistances of each element of the array, 
as discussed in the following section. 

3. Mutual impedance: definition for antenna case. The mutual impedance between 
two antennas is defined in the usual manner: 

Zi, - ^ (20-33) 

The mutual impedance is a complex quantity: 

= Ri 2 +jXi2 = (jRia* -j- ^ 12 ®) /tan”i (20-34) 

/ _ 


The mutual impedance is a function of the spacing between the antennas and the 
height of the elements. Figure 20-25 shows the magnitude and phase angle of the 
mutual impedance for equal antenna heights over the commonly encountered range 
of antenna heights and spacings. Figure 20-26 shows values for antennas of unequal 
height.* The general equations for mutual resistance and reactance between two 
antennas of unequal height have been derived by Cox in Ref. 10. 

4. Operating resistance of radiators in a directionalHzntenna system. The operating 
resistance of a radiator in a directional array is the sum of the radiation resistance Rr, 
an assumed loss resistance Ra (see Sec. 20.3, Ground Systems), and the coupled 
resistance Rei 

Rq Rr ”h Ra H" Ro (20-35) 

The coupled resistance of clement 1 is 

Ral = Af 12^12 cos (jLli2 -f-<ri2) + A/i 3 ^ 18 COS (fin +<T18) 

4" • * • + MuZinCOS (flin + crin) (20-36) 

and the coupled reactance is 

Xai » MnZnsm (jin -|-o-i2) + MuZnam (fin H-ens) 

H- • • • -hMi,^usin (fiin +<ri„) (20-37) 

where Mm ^ current ratio between tower n and tower 1 

Zm = mutual impedance between tower n and tower 1 
Mi» = phase angle of current between tower n and tower 1 
(Tin = phase angle of Zm 

Note that Mn is the current ratio of tower 2 referred to tower 1. The loop-(uirrent 
ratio and the field ratio are related by the ratio of the form factors: 

= (1 — cosGi)/(l — cos U 2 ) Ooop-curront reference) (20-38) 

The base resistance of a radiator in a directional array will usually be different from 
the operating resistance computed from Eq. (20-35). The determination of base 
operating resistance is discussed below. 

5. Computation of total resistance: formulas. The total resistance Rt\ is 

= /2oi + Af i2*i2o2 -|- A/i8*i?o8 4 - • • • + Mm^R^n (20-30) 

To check the computation, and in preliminary work where individual operating resist- 

* Graphs of mutual impedance between antennas of unequal height, for a wide range of 
different heights, are given by Carl E. Smith in Ref. 29. 
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anccs arc not needed, the following formula may be used: 

Iii\ = (1 + + Mi 8® + • * • "h M\n^) {Rr + i?a) 

“h 272i2il/i2 cos ni 2 "i” 2/Bi3A/i3COs /xis "b • * * 

+ 2RinMin cos Hin H~ 2/^23^/12^1^13 COS /Lt23 
+ 2RnM 12 MQOS fXii + • ■ * 

+ 2RmnM imMm cos flma (20-40) 

where Min = current ratio between tower n and tower 1 

Rjnn = mutual resistance between tower vi and tower n 

ss phase angle of current between tower m and tower n 

6. Mutual impedance: deterynination of mutual resistance by mechanical integration. 
Where mutual resistance cannot be readily calculated, it may be determined by 
mechanical integration, using the following relationship: 

R„=m Kifi(^)Kift(jP) cos cos (20-41) 

Ki, iiC2 ,and/ 2(^) are the form factors and vertical-radiation characteristics for 
the two radiators, as determined from Eq. (20-5). Jo(s) is the zeroth-order Bessel 
function, and s is expressed in radians. 

The self-resistance may bo determined from Eq. (20-C) for use in Eq. (20-40). 

7. Determination of reference field by mechanical integration (hemispherical into- 
gratim). The value of Ei may bo established by mechanical integration. An 
assumed value Em is taken (unity or other convenient value), and azimuthal patterns 
are computed for fixed vortical angles (usually at 10* intervals). The rms values 
for each vertical angle are determined (see below under offoctive field), multiplied by 
\/coi^, and the products plotted versus ^ on polar-coordinate paper. The area A 
of tliis plot is measured with a planimeter. The true value of Ex is related to the 
assumed value Em by 

107 0 

Ex “ jKia — Jr- unattonuated field, mv/meter, at 1 mile (20-42) 

VA 

Base Operating Impedance of Radiators. General. The base operating resistance 
of a tower in a dinu'.tioual-antcmna array is usually different from the computed 
operating rosistancio. The base op(?rating resistance and reactance may be estimated 
as follows. Estimate the basci resistance and n^actance of the tower from Fig. 20-4 
or Figs. 3-3 and 3-4. Compare the estimated base resistance RhMo with the loop 
radiation resistance Rv Then assume the base mutual impedance to be 

2fm(baan) Zm(R\m.Wi/Rr) 

and substitute these values in Eqs. (20-30) and (20-37). 

Parasitic (Zno-resistance) Elements. A radiating element operating at zero resist¬ 
ance and not supplntd with power by connoetions from the distribution circuits is 
said to be panisitic.. This condition obtains when the negative coupled resistance is 
equal to the sum of the radiation resistance and loss resistance. A parasitic element 
properly tuned will operate in phaso-and-field-ratio relationships approximating those 
computed. In criticjal multi(ilemcnt arrays, independent control of phase and ampli¬ 
tude is reciuired and parasitic radiators should be avoided. However, they may be 
employed in anUmnas designed primarily for power gain. 

Negative-^resisiance Elements. A negative-resistance clement receives more power 
by coupling to the otlu^r (dements than is required to obtain the desired field from the 
element. The cxcfoss power is sometimes dissipated in a resistor but is usually 
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returned to the positive-resistance elements through the power-distributing circuits 
(see below). 

Efiective Field. Definition. The root-mean-square value of the radiation pattern 
in the horizontal plane (in unattenuated field at 1 mile) is referred to as the effective 
field. The effective field of a directional antenna is modified from that for a single 
radiator by directivity at vertical angles and higher ground losses. 

Figure 20-27 shows the no-loss effective fields in the horizontal plane for two quarter- 
wave antennas for a wide range of phasing and spacing. These curves assume equal 
fields from the two radiators and ignore ground losses. 



Pig. 20-27. Root-mean-square horizontal-plane values of two-element radiation patterns. 


Calculation of DirectionaUantenna Effective Field. The rms field may be determined 
by plotting the horizontal-plane pattern on polar-coordinate paper and measuring the 
area with a planimeter, or it may be calculated from 

n 

^rmi = y cos /xyjb/o («,'*)] ^ (20-43) 

where = field radiated in horizontal plane from element j 
Ek >= field radiated in horizontal plane from element k 
n = number of elements in array 
iiih = phase angle between fields radiated from elements j and k 
8jk = spacing between elements j and fc, radians 
J 0 ( 9 ) = Bessel function of order zero 

Occasionally the rms value is desired at a vertical angle above the horizontal. For this 
case, 

n 

^rna(*) = ^ (20-44) 

where f(ifi) is the vertical-radiation characteristic. 
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Choice of Orientation and Spacing in Directional-antenna Design. The required 
placement of towers in a directional array is determined by the general shape of 
pattern desired. In-line arrays produce patterns having line symmetry; other con¬ 
figurations may or may not exhibit symmetry, depending upon the operating param¬ 
eters. Closely spaced towers have mutual impedances which are relatively large 
compared with the self-resistances; this may result in low operating resistances and 
high circulating currents, which make for instability and high losses and should be 
avoided. In general, these effects may occur when spacings less than about one- 
quarter wavelength are introduced; they may be evaluated by computing the no-loss 
effective field of the array iRa *= 0) and comparing this value with that for an assumed 
2-ohm series loss (see Sec. 20.8, Ground Systems). If the effective field with 2 ohms 
loss is substantially less than the no-loss effective field, or less than FCC minimums, 
the possibility of reducing losses through the use of wider spacings must be explored. 

Choice of Tower Height. The choice of tower height is governed by the effective 
field required, the need for adequately high base resistances, and the desired vertical- 
radiation patterns. These requirements are usually met by heights on the order of 
one-quarter wavelength; shorter towers are sometimes employed on the lower fre¬ 
quencies, for practical reasons, so long as the required minimum effective field is 
obtained and adequately high base resistances are provided. Tailor towers produce 
higher cffe<d.ive field strengths and may reduce radiation at high vertical angles. 

Effect of Finite Radiator Cross Section on Directional Antennas. The modified 
current distribution due to the finite cross section of practical tower radiators (see 
above) results in a complex vorti(‘,al-radiation characteristic different from that 
computed using the simplified tissumptious. Where towers of unequal height are 
employed, the differences in amplitude (and sometimes phase) of vertical-radiation 
characteristics must be taken into ac.count. The radiation from an array employing 
towers of unequal height may be computed using Eq. (20-16), (20-22), or (20-23). 
The diffenmee in pluise angle recpiires the substitution for an of the angle a^, which 
includes an additional h^rin, 

cos <pn <*08 ^ + yin + 5 n (20-45) 

wh<*r<*, fin pluise-angl<^ difference betwenm /i(^) and /n(^) at angle 

20.6. CIRCUITS FOR SUPPLYING POWER TO DIRECTIONAL AND 
NONDIRECTIONAL ANTENNAS 

General. Ibidio-fnuiuency power must bo supplied to the individual radiators of 
the dire(d.i<)nal-ant<uina sysh'in in the proper proportions and pluiso-anglo relationships 
to prodiKu^ the diisin'd radiat ion pattc^rns. Mcuiris for coiitrollitig the current ratios 
an<l phasi^ angl(‘S are recpiinMl to pc^rinit adjustment and maintenance of the patterns. 
The cinuiiU must providii a load into which the transmitter will operate properly. 

The rcxpiinal funct ions are shown in ])lock form in Fig. 20-28. The antenna tuning 
units t.ransform th<^ opi^rating bas(> impedances of the radiators to the characteristic 
iinp(‘danc<^ of tlu^ transmission lines and provide a portion of the required phase shift. 
Additional phas(^ shift is int.roduc.cd by the transmission lines. The phase-control 
networks <u)ntaln variable (u)mponents for pluise control. The power-dividing net¬ 
work HUppli(‘s variabh* voltagc^s to each lim^ for power control. 

Types of Circuits Employed. LumpcMl-constant networks of the L, T, or v type 
are ordinarily (‘niploy(Ml for impcMlaiice transh^nnation and phas<^-shift networks. 
PluiH<Ml(*lay lU'tworks nn^ pr<ff<‘rre<l to phaHe-a(lvan(‘.e networks, where feasible, 
IxMuiuse of th<‘ir gr<*at(*r harmonic suppression. 

Ihupiin'd rea<dancc values for tlie L, T, and ir networks shown in Fig. 20-29, as func¬ 
tions of pbas(i shift and imptxlaiuu’i transformation, c.an b(^ computed using the follow- 
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ing formulas: 

« _ ^ sin ^ I /- . « \/r sin S 

a = — 7 =- 0 => V ^ sin jS c « — ^ 1 ^ — 

V r - cos /3 1 - y'r cos /S 

jR 

^ ^ > 1 iS “ desired phase shift (20-46) 

Design of Antenna Tuning Units. The antenna tuning-unit design is based on the 
estimated base operating impedance of the radiators (Sec. 20 . 4 ). The transformation 



ratio r is the ratio between the operating base resistance and the characteristic imped¬ 
ance of the transmission line, and p is the desired phase shift. The antenna reactance 
constitutes an equivalent reactance in the antenna arm of the network; the T network 
is thus somewhat more convenient than the tt network for the antenna tuning unit. 

TYPE I 

(LARGE PHASE DELAY) 


•n.., ^ 

A A A A __ ^ ^ . - . . . . ® 


R, r 

pJUJJLfiJL/j 

vJUUUlSj—' 

= * 
b Rj R, —1 

pouafiJLi—* 

— ”iR| P 


“jaR2 -jcRg 


- — 


FOR LARGE PHASE ADVANCE REVERSE ALL SIGNS. 

TYPE 2 

(SMALL PHASE DELAY) 



+ibRa 

♦jRi +iR, 

1 -c a 

Ri = 

LioRa 

p(-c)Ra-^ 

g 1 

1* R* Ri 

!]- 

1 

i 

pUUliLfiJU- 

b Ra 

[J__ 


FOR SMALL PHASE ADVANCE REVERSE ALL SIGNS. 

Fio. 20-29. T and a- networks suitable for impedance transformation and phase control. 

For a nondiroctional radiator, the phase shift introduced is only incidental to the 
impedance transformation. Since any value of phase shift may be employed, an L 
network may be used or a T network with phase shift near 90°. 
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Transmission-line Requirements. Transmission lines may be either of the concen¬ 
tric or open-wire, unbalanced type. Concentric lines have a lower characteristic 
impedance, usually reciuiring less transformation between tower and line; their 
complete shielding eliminates any radiation from the line. The phase shift introduced 
by a transmission line terminated in its characteristic impedance is equal to the electri¬ 
cal length of the line. The velocity of propagation is t; = c\/i, where c is the velocity 
of light and 6 the dielectric constant of the line insulation material. 

Phase-control Networks. Phase-control networks usually employ unit transforma¬ 
tion and values of pluisc shift near 0° or 90°. For phase shift near 0°, a series-resonant 
circuit may be employed; the phase shift is jS = tan'i (AV^o), where Zo is the char¬ 
acteristic imi)edancc of the transmission line. 

Power-division Circuits, A typical circuit for power division is shown in Fig. 
20-30a. In is a continuous voltage divider; vernier inductors L 2 , 3,4 arc tapped across 


FROM 




Fkj. 20-30. Typical circuits for conirolliiig the (Ustril)utioii of power among the clomonts 
of a (lircctionul-anttuina syst<nn. 



Fkj. 20-31. I)<‘Hign chart for power-distribution circ.uit of Fig. 20-30. 


one or two turns of Li, and sliding contacts provide continuous variation. The 
impedaiKtc* of tlu^ combination is transformed by the L network, condenser C, and 
indiKdiOr to the (l(*siri*d inqxulance. 

To (U^sigii the powc^r-division network, the (lesinxl input resistanco (known as the 
commorirptmU remttlancr) is first establislied. This is usually chosen to be the same 
value as the chara(d,(Tist.ic. inqxulanco of the transmission lines, particularly if the 
transmitter must also supply power to a single tower for nondiroctional operation 
The common-point current to deliver the required power to this load may then bo 
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computed. (FCC Standards provide a slight additional power to compensate for 
circuit losses. For powers of 5 kw and less, the common-point resistance is multiplied 
by 0.925 and for higher powers by 0.96, in computing power.) 

The required values of L\ and C are determined from the equivalent circuit of Fig. 
20-31, which shows the input resistance and reactance as a function of the reactance 

Xc of condenser C. Figure 20-31 is plot¬ 
ted for a maximum input resistance of 
100 ohms and may be applied to other 
desired values by applying the required 
ratio to the components. 

A variation in this type of power- 
dividing circuit is shown in Fig. 20-306. 
In this circuit, the value of C is chosen 
to resonate the power-dividing tank at 
a value of input resistance somewhat 
greater than required, with the input- 
resistance control provided by inductor 
Ls. This circuit is resonant, and no input 
reactor is required. 

Special Problems. Very High or Very 
Low Operating Resistances. Special prob¬ 
lems are presented by radiators with 
very low or very high base operating 
resistances. L, T, or tt networks cannot 
conveniently provide transformation ra¬ 
tios exceeding about 10:1; when higher 
transformation ratios are required, a 
tank circuit, as shown in Fig. 20-32, 
may be used. The reactance Li in series 
with the antenna is adjusted to resonate 
the operating base reactance and make 
the antenna a resistive load to the tank 
circuit. 

Negative-resistance Elements. Power 
flows in the reverse direction from an ele¬ 
ment having a negative resistance. In computing phase shifts, this effect is taken into 
account by considering phase-delay networks and transmission lines as phase-advance 
circuits, and vice versa. In addition, the fact that the negative-resistance element is 
delivering rather than consuming power is equivalent to an additional 180° of phase 
shift at the point of power division. 

20.6. ADJUSTING DIRECTIONAL-ANTENNA ARRAYS 

General Requirements. A directional antenna must be adjusted to produce a 
radiation pattern substantially in accordance with its design. In the United States, 
the construction permit issued by the FCC specifies maximum permissible values of 
radiation in pertinent directions. 

Sampling System. An indication of the field-ratio and phase-angle relationships 
among the radiators is needed to adjust a directional-antenna system. This is pro¬ 
vided by permanently installed sampling loops mounted on the towers, connected by 
sampling lines to sampling meters and a phase numitor. 

The sampling loop is mounted on one leg of the tower near the current antinode 
and develops an induced voltage proportional to the current in the tower leg. It 



(b) VERY HIGH ANTENNA RESISTANCE 
Fig. 20-32. Use of tank circuit for high- 
impedance transformation ratio. 
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should be at least 30 ft above the ground, to avoid voltages induced by capacity and 
other nonradiating currents near the tower base. Shielded or unshielded loops of 
one or two turns are used; the use of a shielded loop minimizes voltages developed 
by the tower r-f potential. The outer conductor of the sampling line is usually bonded 
to the tower, and the sampling line is transferred across the base insulator by means of 
an isolation inductor wound of a suitable length of sampling line. 

The individual sampling lines may be cut to the same length, making the phase 
delay on all linos equal. Excess lino should be stored so as to bo exposed to the same 
weather conditions as the longer portions of the other lines. 

The sampling-current ratios may be measured by means of r-f or rectifier-type 
milliammcters connected to the terminating resistors at the ends of the sampling lines. 
The phase angles may bo measured with any of several typos of phase monitor manu¬ 
factured for the purpose. 

Initial Adjustment. The initial adjustment of a directional-antenna system is 
effected by setting the reactances of the ant(uina tuning and power-dividing com¬ 
ponents to their computcul values and supplying power to the antenna system. 
Usually, the phase and field-ratio indications will be different from those desired. 
The adjustable tuning components are then varied until the phase and field-ratio 
indications (‘.orrespond closely to the computed values. 

Preliminary field-strcingth nieiujurements must then be made to determine the 
approximate shape of the pattern and the changes which are required to bring this 
shape into agreement with the computed shape. Initial measurements are usually 
croiiii-mimma measurements, madc^ each few degrees of bearing along a measuring 
course passing through the region of the pattern which is of interest. Both the 
directional and nondireotional fields are mcuisured, and the ratios of these two field 
strengths are d(^t<^rmin(ul along each bearing. Those ratios arc plotted and compared 
with the computtul piitteni ratios, and tlie plot is analyzed to determine what changes 
in phase and current relationships are iMU'.essary to bring the pattern into agree¬ 
ment with computations. This usually r(u|uiros an analysis of the vector diagram 
(Fig. 20-33). 

Use of Vector Diagrams. Figure 20-336 is a typical vector diagram of a three- 
cleincnt directional autemna, for tln^ pattcirn shown in Fig. 20-33a. The lengths of 
the vectors are proportional to the magnitudes of the fields radiated from the towers, 
and the angles of the vectors are the phase angles «» for the indicated bearings. A 
study of the diagram will iiuli(!ate the changes required to change the location or 
depth of an individual miniimiin, leaving the other unchanged or modified os required. 

The recluired changes are determined from this analysis and made, using the indi¬ 
cations of the sampling meters and phase monitor. The cross-minima measurements 
are tluui r<*i>(*at<Ml. When the cross-minima measurements indicate the pattern shape 
to he prop<^rly (established, compheUe route uueaHuroments, field-strength moasure- 
mcuits, c.ommon-point nesistaiuee moaHureinontw, and transmission-line standing-wavc- 
ratio imeasurcements must he mad(e (s(Me under proof of performance below). 

Special Techniques. A frequently helpful technique in the initial adjustment of 
the paU(irn is that of stationing observers with field-strength meters in each of tho 
minima of tlu^ pattern, maint.aining communication over telephone lines or with high- 
fre(iuency radio. Tlu^ curr(*ni.H and pluus(»H are varuul until minimum field strength 
is obtaiiKMl along all (l(^sir<*(l IxMirings Himultan(H)usly; this establishes tlie roquin^d 
8 ainpling-(nirr(*nt and phas(^-nionitor indications for a pattern with deep minima, from 
which th(^ (i()rr<*ct paranu'U^rs for the (htsin^d pattc^rn may be determined. 

Proof of Performance. A proof of perform dneo is required in the United States for 
all (lir(‘ctional-anU‘nna systems b(*for(‘ r<*gular operation is authorized. The following 
discussion Hummariz<*s the major re<|uiremeiits, full details of which may be found in 
tho Radio Hroach^ast Standards and Ruhw and Rc'gulations of the FCC. 
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Fia. 20-33. Three-element directional-antenna pattern in the horizontal-piano and vector 
diagram. 
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After the final adjustment of the directional-antcnna system, the common-point 
resistance must be measured and the antenna system operated at the required power. 
Field-strength measurements are required,to be made along eight or more radial 
routes from the antenna, at specified distance intervals, out to a distance of 16 or more 
miles. Complete measurements must be made for both directional and nondirectional 
operation. Measurements must be made in at least eight directions; more if required 
to determine the shape of the pattern. These directions must include all directions 
in which a maximum permissible value of radiation is specified in the construction 
permit. 

The inoasurod field strengths will be the attenuated fields, and the soil conductivity 
must be established to determine the unattenuated field. This is done by plotting 
the measured fields vs. distance from the antenna on suitable graph paper (usually 
7- X ‘2.2-cycle log-log, K & E No. 350-l‘27G) and comparing the measured values 
with graphs of field strength vs. distance for the frequency involved and the expected 
range of conductivity values. Such graphs are contained in the sources listed in the 
bibliography. 1®'*® 

After the pattern is properly adjusted and the adjustment confirmed by the proof 
of performance, monitor points arc established in each direction specified by the con¬ 
struction permit. The field strengths for directional operation are measured at each 
monitor i)oint at regular intervals to provide an indication of any variation in radiated 
field. 


20.7. MISCELLANEOUS PROBLEMS 

Guy-wire Insulation. Guy wires supporting tower radiators must be insulated 
from the tower and from ground and must bo broken up into sections sufldoiently short 
so that the induced currents do not distort the radiation pattern. Strain insulators 
arc instalk^d at the guy anchor, the point of attachment to the tower, and at intervals 
along the guy wire. The maximum length of any individual guy-wire section should 
not exceed X/8 to X/10. 

Voltages in Bfigh-power Arrays. The voltages commonly encountered in medium- 
frequency antennas and antenna arrays are rarely high enough to present corona or 
insulat.ion problems. The voltage across the base insulator is 

V biiBO *“ fbaao H” ^^1)886* 

The v()ltag(‘s on guy-win^ insulators may be roughly estimated for a typical guy system 
iis having a maximum valii(» of 30 volts ix^r wavelength for one watt of power in the 
antenna. An (‘xl,(»iiHive disemssion of antenna voltages is given by Brown. 

Circuits across Base Insulator. A-C Power Supply. It is often necessary to cross 
the bas(^ insulator of a tower antenna with a-c power circuits. Power for aeronautical 
obstruction ligliting on the tower or other purposes may be supplied by means of 
chokes or transfornu^rs. Lighting chokes arc wound of ordinary insulated copper wire 
on a suitabh^ form, with a sufiic.usnt number of turns to provide a reactance at the 
operating fr<uni<ui(?y which is high compared with the tower base impedance. Radio- 
fre(iu(mc.y l)ypaHs (loiKhuiBors are installed between individual windings. 

Alternating current can bo supplied by an Austin transformer, consisting of linked 
toroidal (ior<^s Tuounting the primary and secondary windings. There is an air gap 
of sevc^ral iiudu^s bcd.ween the two (sores, and the only effect on the r-f characteristics 
of the tower is th(‘. shunting oapacitamjc of the transformer. 

PM and TvUnmion Transmission Lines. Tower antennas frequently support fre¬ 
quency-modulation and tedovision transmitting antennas, as well as transmitting and 
r(‘ceiving antennas for other radio s(^rvices. FM power can be transferred across the 
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base insulator through the use of tightly coupled transformers designed for the i)urposo. 
The coupling elements are arranged to provide an adequate air gap for isolation at the 
medium frequency, and the only effect at the medium frequency is that due to the 
shunt capacity. 

FM and television transmission lines (and other metallic circuits) may bo isolated 
from the tower at the medium frequency by a quarter-wave isolation section of line. 
In Fig. 20-34a, the outer conductor of the television coaxial cable is grounded immedi¬ 
ately before the rise up the tower and is supported on insulated hangers to a point 



approximately one-quarter wavelength from ground, where it is connected to tlu^ 
tower. The outer conductor of the television line and the tower (constitute a shorted 
quarter-wavelength transmission line at the medium frequency, resulting in a high 
impedance at the tower base. In Fig. 20-34&, the quarter-wavelength scection is 
installed along the ground rather than up the tower. This method is useful or often 
necessary with towers shorter than one-quarter wavelength. 

Simultaneous Use of Single Tower at Two Frequencies. It is occasionally desired 
to use a single tower radiator simultaneously at two different frequeiKcies. This may 
be done by employing suitable filters to isolate the two transmitters from each other, 
as shown in Fig. 20-35. The isolation networks are (xcceptor-rcjector filters, sericis- 
resonant at one frequency and parallel-resonant at the other. In filter 1, for example, 
Li and Ci are tuned to series resonance at 600 kc. At 900 kc, the combination is 
inductive, and this inductive reactance is parallel-resonated with Ca. Filter 2 presents 
a low impedance at 900 kc and a high impedance at 600 kc. Filters 3 and 4 offer u 
low impedance to ground to the unwanted signals. 

Selection of Transmitter Sites. General, Transmitter sites must bo selected in an 
area providing sufiScient ground which is reasonably flat and level, of high local con¬ 
ductivity, free of obstructions which might interfere with the proper functioning of 
the radiating system, and so located as to provide maximum signal to the principal 
city and the service area. This last requirement, applied to operation with a dire(?- 
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tioiial-antcnna system, usually di(5tates a choice of site which will place the main 
radiation lobe in the dirc'ction of the city. 

Site Surveys. The FCC Radio Broadcast Standards require a minimum signal of 
25 mv/meter to the business and industrial areas of the principal city. Preferably, 
this inininiuni signal should be delivered to the entire city. The expected signal may 
best be determined by means of a site survey. A temporary antenna and low-power 
transmitter are installed at the i)roposc(l site, and field-strength measurements are 
made along otu^ or more rouU's from the antenna through the city to be served. The 
actual effective condiudivity may then be detcirmined from the measurements (see 
above under proof of p(^rformance of directional antennas). 



Fkk (Jroup of uccepior-n^jiM’.tor filters for supplying pow^^r at 000 and 900 kc aimul- 

tniieously to a single radiator. 

In th<^ absencH^ of Hit<*-surv(\v t.<‘Ht iiuvisununentH, use may be made in the United 
States of a map of av<*rng<^ soil e{»n<luctivitie8 given in the FCC Radio Broadcast 
Sf-andanls, which shows averages soil con<hi(?tiviti(‘B for large general areas.^^•**'*® 
IIow(W(^r, this map sliows av(*rage eoiKluctivities only, and local conductivities may 
dilTer substant ially. (<oiis(uiu<uiUy, a (tan^ful inspection of the path to the city must 
he made, and <wen tluui the map shotild he used conservatively. 

Effect of Signal Scattering and Reradiation by Nearby Objects. General Struc- 
tur(»H and terrain f(*atiires n<‘ar the transmitter sito may reflect the signal from the 
anUumiv or may r<Tadiat.<! Hullicicuit signal U) affec.t tlie ix^rformanco of the antenna. 
Th(‘se elT(‘(rtH will UHUally not h<* indicahul by tlie convcuitional site survey. 

Short Towers. Tlu^ n*radiation from a short t()w<*r in the field of the antenna may 
h(^ (‘stimal.(*(l by two imd-hods. In tlu^ first, the mutual impodanco Zm between the 
ant(»nna ami tho! short tow<T is <l(*U^rniiued ami the Iwise impedanoo Zhnno of the short 
t()w<T is (‘st.imat.(‘(l, using data such ns tlu^ curves of Fig. 2(M. The current It flowing 
in the scMtond tower will h(^ h « where h is the current in the reference 

tower. The fiehl due to this curnuit may l)e coiitpuUul from Eq. (20-1). This method 
is applied to a dircc.tional antenna by (loniputing the individual currents induced by 
each t()W(T of the dir(‘etional nnicuma and taking their vector sum. 

TIk^ H(*<^on<l ni(‘tlKMl n‘(iuir<*H a knowlcMlge of the offectivo height of the second tower. 
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which for a short tower (X/4 or less) is 


ffeff 


\ sin.* (G/2) 
T sin G 


(20-47) 


The voltage Vi induced in the second tower in an incident field of Ei is H^ttEi, and the 
current which will flow is from which the reradiated field may be computed 

as above. 

HighMension A~C Power Lines. Alternating-current power lines and their support¬ 
ing towers near the antenna may produce objectionable reradiation. Negligible 
voltages are induced in the horizontal line by the vertically polarized signal, but 
voltages induced in the towers may cause current to flow in closed loops formed by 
the towers and the horizontal grounding wires connecting the tops of the towers. 
The r-f currents flowing in the towers may be estimated with limited accuracy by 
considering the towers to be top-loaded and applying the methods discussed above, 
under short towers. However, the typical case involves many variable factors, and 
the problem does not yield readily to a theoretical analysis. 

Large Objects^ Including Buildings and Hills. Large buildings near the transmitter 
site, mountains, or rugged terrain may distort the radiation pattern of directional or 
nondirectional antennas. The effects may be serious in the case of a directional- 
antenna system requiring a high degree of signal suppression, particularly if the build¬ 
ings or hills are in the main radiation lobe of the antenna. 

Such objects are usually too irregular to apply analytic methods to a determination 
of reradiation. Their effect may often be estimated on the basis of experience with 
similar objects. If the source of reradiation can be readily isolated, as for example a 
single large standpipe, field-strength measurements made as part of the site survey 
along a direct line between the test transmitter and the reradiating object will, when 
plotted versus distance from the reradiating object, exhibit a standing-wave pattern 
from which the magnitude of reradiation can be deduced with reasonable accuracy. 

Another technique in estimating reradiation which has been applied with some 
success is that of making the site test using a simple two-element test antenna to 
produce a radiation pattern having deep minima. Site-test field-strength measure¬ 
ments in the minima will indicate reradiated and “scatter’^ signal. This technique 
is useful in situations such as rugged terrain, where reradiation cannot be ascribed to 
an individual source. 

Tall Towers: General. It is frequently desired to erect tall towers to support FM 
and television transmitting antennas, or for other purposes, in the immediate vicinity 
of a medium-frequency antenna. These structures are usually of sufficient electrical 
height to be capable of substantial reradiation in high incident fields. The method of 
estimating reradiation for short towers discussed above loses its accuracy for towers 
taller than about one-quarter wavelength. 

Tall Towers: Control of Reradiation. The tower location should be chosen to have 
minimum effect on the medium-frequency antenna. If the tower is to be installed in 
the immediate vicinity of a medium-frequency directional antenna, the field strength 
should be computed at a number of locations and a position chosen for the tower where 
the incident field is a minimum. 

The reradiation from a tower of this height may be controlled by insulating the 
tower from ground and installing sectionalizing insulators at one or more levels. 
Guy wires must be insulated at suitable intervals, and transmission and a-c linos must 
be isolated as discussed above. When sectionalizing insulators are used, the rcradi- 
ation from each section of the tower may be estimated as discussed under short towers 
above; the maximum reradiation will then be the scalar sum of the contributions from 
each section. 
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The rcradiatioii from tall towers may bo controlled to some extent without soctional- 
iziiig insulators by insulating the tower from ground and installing a suitable reactor 
between the tower and ground. Figure 20-36 shows measured variations in current 
distribution obtained by this method. 



AMPERES 

Fio. 20-30. Detuning of tall tower by choice of suitable base reactance. The rcradiating 
tower is a top-loaded tower having a height equivalent to 400 ft. The incident field is 
1 v/mftt(T at 970 k<^. Curve A shows the measured current, with the base of tho tower 
insulated from ground, and curve B shows the current flowing with a reactance of 4-57 ohms 
betwe<?n tlui tow(^r and ground; this reactanco produced minimum current at the antinode 
of c.urvt^ A. Meehani<?al integration of tho curves indicates a reradiated field of 67 mv/ 
meter for cmtvo. A and a maximum reradiated field of 6 mv/metcr for curve B, This is 
probably gnniter than that actually obtaining, because of phase differenoos in the current 
along the towtsr. 

Protection against Static Discharges and Lightning. In the absonoc of suitable 
I>recautioiiH, static, (diarges a<'.(uimulate on towers and guy wires and may discharge to 
ground. This diwdiarge ionizes the path, and a sustained r-f arc may follow. Pro- 
U^ction can be providcid to minimize the accumulation or quench tho arc, but relatively 
little prot(*ction can bo i>r(>vi(lcd against direct lightning hits. A lightning rod or 
rods oxUuuling ab()V(^ the beacon on. tho tower top will provide some protection to 
the beacon, and horn or ball gaps at the tower base provide protection to the base 
insulator. IIow('V(^r, the magnitiidc of lightning currents usually results in damage 
to tlie meters and tuning components. This is true of both insulated series-excited 
towers and grounded shunt-<;xcited towers. 

A d-c path from the t.<)W(^r to ground will minimize static accumulation. A separate 
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radio-frequency choke, the tuning inductor, or the sampling-line inductor may be 
connected to maintain the tower at d-c ground potential. Difficulty may occasionally 
be experienced with charges accumulating on the individual guy wires and arcing 
across the guy insulators. This may be eliminated by installing static drain resistors 
across each guy insulator. These resistors may have a value of 50,000 to 100,000 
ohms and should have an insulation path somewhat longer than provided by the guy 
insulator. 

Transmitter protection may be provided by a circuit such as shown in Fig. 20-37. 
Radio-frequency power is supplied to the load /?ioad through inductance L, which has 


LOAD 


TO 

PROTECTIVE 
CIRCUIT 

Fig, 20-37. Transmitter protective circuit. R, L, C, and the load form a Maxwoll bridge. 

a low reactance. Values for R and C are chosen to present a very high impedance 
compared with L and Rw- If the load is purely resistive and R/Xc = XL/Iho^d, 
points A and B will be at the same r-f potential. Any change in the load, duo to 
arcing or other causes, will produce a voltage between A and B, which may be used 
to actuate protective devices. 
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21.1. GENERAL DISCUSSION 

High-frequency antenna arrays are utilized in the range of frequencies from 3 to 
30 Me for medium- and long-distance communications and broadcasting by means of 
ionospheric propagation. Ionospheric transmission over large distances usually 
involves high over-all transmission losses, especially under unfavorable propagation 
conditions. The relatively high initial and operating cost of high-power transmitters 
makes high-gain transmitting and receiving antennas desirable to provide a high 
degree of directivity in the directions of communications. High-gain antenna arrays 
are also in common use for international broadcasting stations whore transmissions 
are desired to a specified political area or areas. In addition to providing an increase 
in signal in the target area, the use of high-gain directional arrays dec.rcascs radiation 
in undesired directions, thus reducing potential interference to other services. 

The design requirements for a high-frequency transmitting or receiving array 
include the frequency range, vertical and horizontal angles at which maximum radia¬ 
tion is desired, the power input, and mechanical requirements. 

The frequency range should be established by a propagation study to determine the 
optimum working frequency (OWF) for the path involved, which varies according to 
the distance and location, time of day, season of the year, and with sunspot activity. 
Details of such a study are beyond the scope of this Handbook, but may be found in 
the literature. The final frequency or range of frequencies specified for antenna 
design purposes should be based on the propagation study and the availability of fre¬ 
quency assignments. 

The range of vertical angles pertinent to ionospheric propagation depends on the 
distance, effective layer height, and mode of propagation (i.e., one-hop, two-hop, etc.). 
Figure 21-1 is a graph showing the elevation angles pertinent to one-hop transmission 
for various virtual layer heights. The height of the E layer may be considered con¬ 
stant at approximately 110 km, but the height of the F% layer varies widely accord¬ 
ing to the time of day, season of the year, and location. A detailed propagation 
study is required to determine the range of vertical angles for antenna design pur¬ 
poses. As a rough estimate, however, a range of FI and F2 virtual layer iicughts 
of approximately 250 to 400 km may be used in conjunction with Fig. 21-1 to detcTinine 
the approximate vertical-angle range. In the case of transmission or reception over 
distances of more than 4,000 km, maximum signal results from low-angle transmission 
in the range from 2 to 15°, with the lower angles generally providing better results. 

The horizontal range of angles or beamwidth required for point-to-point circuits 
depends on irregularities in the ionosphere and the effects of magnetic storms, which 
cause deviations from great-circle paths. It has been shown that directions of arrival 
of short-wave signals may vary as much as ±5° in the horizontal plane because of 
these effects.® This makes use of antennas with extremely narrow horizontal beam- 
widths undesirable, especially on circuits which skirt or traverse the auroral zone. 
International broadcasting requires that the horizontal angle subtend the target area 
with due allowance for path-deviation effects. 

Mechanical requirements must also be determined in regard to wind and ice load¬ 
ing, antenna-size or tower-height limitations, or any other special restrictions imposed 
by the site or other considerations. 

An important factor in establishing a new transmitter or receiver station is the 
selection of a suitable site. Where long-distance circuits are involved, it is (issential 
that an area be selected with no obstructions projecting more than a few degrcics in 
elevation angle in the directions of transmissions. A reasonably flat area of good 
ground conductivity is required to ensure good performance of the antennas. The 
flat area should extend from the antennas to beyond the distance where ground reflec¬ 
tions of signals will occur in the directions of transmission. In selecting a receiving 
site, similar requirements are involved; however, in this case it is also important that 
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the site be removed from nearby transmitter stations which might cause interference 
to reception. Receiving sites should also be carefully chosen to avoid interference 
from other sources, such as power lines or other types of man-made interference. 

In selecting a transmitter site, the effect of ground conductivity on performance of 
the antennas should be considered. For horizontal polarization (usually employed 
for land-based short-wave arrays), soil of moderate to good conductivity provides 
effective reflection for the range of angles usually employed for short-wave transmis¬ 
sion. For vertically polarized antennas, high ground conductivity is required to pre¬ 
vent undue losses at the lower radiation angles. Graphs for determining reflection 
coefficients are given by Terman.® 



HUNDREDS OF MILES 

Fuj. 21-1. Vertical-radiation angles for ono-hop circuits. {Reference 2S.) 

Most Hh()ri-wav(^ antennas in use today arc of the simple horizontal dipole, curtain 
or rhoml)i(^ type's. Himple horizontal dipoles are effective where low-cost antennas are 
requircMl, is at a pHunium, or a large beainwidth is retiuired. Curtain arrays 

coinpris(*d of many dipole ehnnents are capable of providing high directivity and gain 
with good perfonnuiKK* ov(^r a fairly wide range of frequencies by utilizing recently 
(Uwelop(‘(l t,<*(dini(iueH. Ourtnin antennas of good design are characterized by high 
(‘flie.Umc.y and low power loss duo to heat dissipation or radiation in undesired minor 
lobes. Uh()njbi<? anUuinas provide effective operation over fairly wide frequency 
rangers and ex(u*ll(uit input-impedance characteristics over wide frequency ranges. 
The rhombii! antcnina is normally termiuat(Kl in a resistor load with a resulting power 
loss of from 2 t.o <lb. In addition, the power loss due to side-lobe radiation is geii- 
(‘rally sonuavhaf. gniat(^r than in well-designed curtain arrays. 

Th(^ following paragraphs outline detail(Ml design information on horizontal dipoles, 
curtain arrays, and rhombic anUmiuvs. A section is also included on more unusual 
typers of higli-fr<‘<iiiency antennas. 

21.2. SINGLE HORIZONTAL DIPOLE ABOVE GROUND 

P(^rhaps th<i simph'st type of anUmna in general use for short-wave applications is 
a single horizonlal-dipoh* radiator supported at a suitable height al)ove ground 
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(Fig. 21-2). For sinusoidal current distribution and a perfectly 
the field intensity at unit distance (1 mile) and other pertinent 
determined from _ 

F = 2Ei s/p SW) sin (fc sin lA) 

El = i’o 

R\ = Rr *4“ Ra 

COS (t sin <p') — cos i 
^ “ (1 — cos t) cos v>' 

sin <p* = sin <p cos ^ 


conducting ground, 
parameters may be 

( 21 - 1 ) 

(21-2) 

(21-3) 

(21-4) 

(21-5) 


where F = field intensity at unit distance (1 mile) at horizontal angle tp from equato¬ 
rial plane and vertical angle ^ above horizon, mv/meter 
El = field intensity at unit distance (1 mile) in the equatorial plane radiated by 
dipole element alone for 1-kw power, mv/meter 
P =* power input, kw 

f{<p') = directivity factor of dipole radiator element 

ifi* = angle between equatorial plane and line of propagation 
h = height of radiator above ground, degrees 
jBo = field intensity at 1 mile in equatorial plane radiated by an isolattul 
dipole for a power of 1 kw, mv/meter 

Rr = radiation resistance of isolated dipole referred to current maximum, ohms 
Ri =a operating resistance of dipole radiator at height h above ground referred 
to current maximum, ohms 

Ra = assumed loss resistance referred to current maximum, ohms 
Rm(2h) * mutual resistance between dipole and its image (spacing = 2h) rcforrcHl 
to current maximum, ohms 
4 = half length of dipole radiator 

Values of /(^O may be obtained from Fig. 20-5 by placing ^ and G -C. 
Values of Eo may be obtained by multiplying values obtained from Fig. 20-3 by 0.707 
to take account of the difference between a vertical radiator above ground and an 
isolated dipole in free space. Values of Rr and Rm may likewise bo obtained from 





'^ 4 = 270 * 

4 = 0 “ 


Fiq. 21-2. Horizontal dipole above ground showing symbols used. 
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Figs. 20-3 and 20-26; however, the resistance values given for vertical radiators above 
ground must be multiplied by 2 to obtain values for dipoles in free space. 

For any given height, the maximum field intensity Fmax occurs in the equatorial 
plane =» 0 and 180®) when sin ^ = 90®. Figure 21-3 shows the vertical angle at 
which maximum, half-power, and half-voltage field intensities occur for the range of 
heights used for most applications. Figure 21-3 also shows values of FmAx versus 
height for several values of dipole half length. F max increases as the length is increased 
up to the optimum half length of 225®. Fmax also increases as the height is increased 
up to approximately 210®. Figure 21-3 also shows the conical beamwidth for half¬ 
power field intensities as a function of the half length and the vertical angle Fig¬ 
ure 21-3 provides the important characteristics of the main lobe of the radiation pat¬ 
terns for dipole lengths and heights normally employed for short-wave applications. 

21.3. MULTIELEMENT HORIZONTAL-DIPOLE ARRAYS (CURTAINS) 

The directivity and gain of antennas using horizontal dipoles may be increased by 
adding additional elements. The vertical directivity is increased by stacking ele¬ 
ments one above the other to form a bay of two or more radiators. Horizontal, or 
more correctly, conical directivity may be increased by adding additional bays with 
the elements of adjacent bays collinear. A group of two or more such bays is termed 
a curtain. Finally, the antenna may be made unidirectional by adding a reflector 
curtain behind the radiator curtain. This provides an increase in gain of about 3 db, 
with very little effect on the pattern shape in the forward direction. The reflector 
curtain may be formed of tuned elements operated as parasitic reflectors, or a vertical 
reflector screen composed of closely spaced horizontal wires may be employed to pro¬ 
vide reflector action approaching that of a highly conductive vertical plane. 

Single Bays. Assuming sinusoidal current distribution and a perfectly conducting 
flat earth, the radiation pattern of a single bay comprising two parallel dipole radiating 
elements excited with equal in-phase currents, centers spaced Sv degrees vertically 
and with a height of h degrees to the mid-point between the radiators (Fig. 21-4), is 
given by 

F = 4JS'i y/P sin (h sin ^) cos sin (21-6) 

j;. = i?, = Bo (21-7) 

Ri = 2B, + 2B. + - 2B„{2h) - - S.) - i?„(2fc -t- S.) (21-8) 

whoro Rt = total operating resistances of the two elements; otherwise the terminology 
of Sec. 21.2 is followed. 

Figure 21-4 shows the maximum field intensity developed by a two-radiator buy 
for a power of 1 kw and radiator half lengths of 180® (X/2). The inaxiinuiii fi(*ld 
intensity is shown for a vortical spacing Sv of 180® and for the vertical spacing which 
provides maximum field intensity for a given height. Analysis of Fig. 21-4 shows 
that spacings somewhat greater than 180° provide maximum field intensity. Approxi¬ 
mate maximum field intensity values for other length radiators may be obtained by 
multiplying the values obtained from Fig. 21-4 by the ratio of Eq for the pertinent 
length to 107 mv/meter, the Eq for a radiator with a half length of 180® (X/2). Analy¬ 
sis of Fig. 21-4 enables a determination of the optimum vertical spacing for any given 
height. 

Figure 21-4 also shows pertinent characteristics of the main lobe of the vertical 
radiation pattern for spacing between radiators of 180 and 240®. The angles of maxi¬ 
mum, half power, half voltage, and zero field intensities are given. 

For fo^r elements stacked vertically with a spacing of Sv degrees between adjac,ent 



multielement horizontal-dipole arrays (curtains) 21 7 










HIGH-FREQUENCY ARRAYS 


21-8 

radiators and height h to mid-point between lower radiator 1 and upi)er radiator 4 
(Fig. 21-6), the radiation pattern is given by 

F — SEi y/P SW) sin Qi sin cos sin ^ cos (Sv sin (21-9) 

Ex = E^ ( 21 - 10 ) 

B, = 4(Br + B.) + 6 fl„(S.) -1- 4B.(2S,) + 2R„(3S.) - B„(2h + 3S.) 

- 2B„(2h + 2S,) - 3B„(2h + S,) - 4R„(2h) - 3B„(2h - «,) 

- 2B„(2h - 28,) - R„(.2h - 38,) (21-11) 

Rt is the total operating resistance of the four elements which are assumed to be 
excited by equal in-phase currents. 

Figure 21-5 shows values of maximum developed field intensity for 1 -kw power 
vs. height for radiator spacings of 180 and 220 ° based on a radiator half length of 180°. 
Figure 21-5 also shows the vertical radiation angles for maximum field intensity, 
power, half voltage, and zero field intensity for different heights for radiator 
spacings of 180 and 220 °. 

Multibay Curtains. Assuming sinusoidal current distribution and a perfectly con • 
ducting flat earth, the pattern for a single curtain of two identical bays of horizontal- 
dipole elements, all with equal in-phase currents, is 

F = 2JB,/(v.') VPfW cos (^ sinV') (21-12) 

where, for a single horizontal radiator per bay, 

jf(^) = 2 sin (h sin ^) ( 21 - 111 ) 

for two stacked elements per bay, 

fiip) = 4 sin (h sin ^) cos sin (21-14) 

and for four stacked elements per bay, 

/(^) = 8 sin (h sin ^) cos sin cos {Sv sin V') (21-15) 


where /(^) = vertical directivity of one bay 

Sh = horizontal spacing between centers of bays, degrees 
Sv = vertical spacing between radiators in one bay 
<p' = angle defined by Eq. ( 21 - 6 ). 

The evaluation of Ei for two-bay curtains by mutual-impedance method requires 
data for the mutual impedance between parallel staggered elements which arc not 
available for the general case of odd-wavelength spacings and lengths. Values of 
mutual resistance for spacing intervals of 0.5X for radiators of half length X/4 arc 
given by Kraus^ and Pistolkors.® Equations for mutual impedance between parallel 
and staggered elements are given by Carter.* Because of the complexity of the mutual 
computations it is sometimes more convenient to evaluate Ei by a graphical integra¬ 
tion process. Conical radiation patterns are computed (for unit or assumed value 
of El) and the rms value determined by planimeter measurement of the polar conical 
patterns. These conical rms values are multiplied by \/cos ^ and plotted on polar 
graph paper versus ^ (one quadrant). Ei is then adjusted to make the enclosed area 
equal to 11,600 (mv/meter)*, where the radiated power is 1 kw and field intensities 
are for the unit distance of 1 mile. 
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Eia. 21-6. DoBign curves for tour YslTonSO atd*220°.^* 7fc)^®VertU^l-radiation 

Maximum field intensity for vortical apaomgs (Sv) of 18U ana 

charactoristicB. 


lined above, may be dctcritiiii(-d from 

w _ -v/? M)n + 2 cos {Sk sin <p')] (21-16) 


vrhero /(^) depends on the number of radiating elements in each bay as given above in 
Bqs. (21-13) to (21-15). 
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Figure 21-6 shows the approximate gain of a two-bay antenna over a single bay 
with t * 180° on the assumption that Fmax iu the equatorial plane falls at an angle ^ 
of approximately 15°. The relative gains were determined by assuming that the 
power gains were inversely proportional to the areas of the conical patterns for f — 16°. 
This method provides good accuracy for antennas with main lobes between ^ = 10° 
and = 20° and with no large high-angle lobes. 

Figure 21-6 also shows the conical beamwidth of two-bay curtains as functions of 
radiator length and bay spacing. The beamwidth is shown for an elevation angle of 
16°; however, the data may be applied for vertical angles of 10 to 20° with good 
accuracy. 



360 400 440 480 520 560 600 640 

HORIZONTAL SPACING BETWEEN BAYS (Sh) 



HORIZONTAL SPACING BETWEEN BAYS (Sh) 

Fig. 21-6. Conical beamwidth of a two-bay antenna with horizontal radiators and approxi¬ 
mate power gain compared with a single bay with I * 180®. 


Curtain Arrays with Tuned Reflectors. Most applications require transmission 
(or reception) in only one general direction over a specified range of azimuth arighis. 
To avoid unnecessary loss by radiation in the unused directions, tuned reflector ele¬ 
ments may be erected behind the radiator elements. For the simple case of one hori¬ 
zontal radiating element and a parallel parasitic (zero-power) reflector clement of the 
same length and height (Fig. 21-2), the radiation pattern is given by 


F = 2 Ei sin {h sin yj/) y/2M ^ + cos (A — Sr cos <p cos 


(21-17) 


(21-18) 
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iJi = K, + + MZ„{8r) COB lff(Sr) +A]- MZr^iSi) cos l<r(Si) 

Zm(Sd) COS [<r(Sd) — A] — Z^(Sr) cos [g(Sr) — A] 

- Br + Rc - 

VS,> + (2A)» 


M 

Sd 


(21-20) 

( 21 - 21 ) 


where Ei = field developed by radiator element for 1 kw at unit distance (1 mile), 

M = field ratio of reflector element referred to radiator element 

A = relative phase angle of current in reflector element relative to current m 

radiator element, degrees . , , • , 

R, = operating resistance of radiator element referred to maximum current, 

ohms . , . , 

Sr = spacing between radiator and reflecting elements, degrees 
p - horizontal angle measured from equatorial plane (#. - 0 for direction 
with radiator element forward of reflector element) 

J/ = vertical angle above horizon . 

Z„/l = complex mutual impedance between elements for spacings mdioated 

referred to maximum current, ohms . ,, i • 

The optimum phase for the parasitic reflector element may be ^termmed 
Eo f21-17) for Mveral values of A and choosing the value which provides ina»mi^ 

tion patterns for practical values of heights, spaemgs, and r^tor lengths. 

Fofa complete antenna comprised of two hays and an identical curtain of tuned 
reflector elements, all radiator elements with equal in-phase ^d 

elements with currents of ratio M at phase angle A relative to the radiator eleme , 
the equation for determining the radiation pattern is 

?.»w) (I” “aii) 

Similarly, for a three-bay curtain antenna with reflector elements, the radiation pat- 
tern is given by 

tSother bay, and then use these values in computing the patterns and gam. The 
thus determined should be divided by V? for a two-bay “ 

of the Siile and multibay conical radiation 
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adjusted for equal maximum radiation values. This method may also be applied to 
curtain arrays with screen-type reflector elements. 

A reasonably good estimate of the gain of a two-bay curtain antenna with reflector 
elements may be obtained by determining Em^ for a single radiator bay of the type 


140® 130® 120® 110® 100® 90® 80® 70® 60® 50® 
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Fig. 21-7. Typical vertical radiation patterns for dipole radiator and tuned reflector clemcxi 
above ground (power * 1 kw). 


used from Fig. 21-3, 21-4, or 21-5 and multiplying Emtx by the appropriate factor, 
giving the effect of the additional bay as shown by Fig. 21-6. This adjusted E^bx 
figure is then increased by 2.5 to 3.0 db to approximate the increase in gain due to the 
reflector elements. Typical gain values thus determined have been found to be in 
good agreement with gains computed by the more rigorous methods outlined above. 
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Curtain Arrays with Screen-type Reflectors. The radiation pattern for a multi¬ 
element curtain-antenna system with an infinite highly conducting vertical reflecting 
plane spaced Sr degrees behind the radiator curtain is given by: 

For one bay, 

F = y/Pf{}F) sin (^Sr cos tp cos (21-24) 

For two idcnticjal bays, 

F = AEiJ{ip') -v/P/CV') cos sin sin(jSr cos tp cos yp) (21-25) 


For three identical bays, 

F ^ 2E,f{<p^) ^/P m [1+2 cos (<S& sin ^0] sin {St cos cos \p) (21-26) 

whore/(^') is given by Eq. (21-4), and/(^) is given by Eqs. (21-13) to (21-15). 

For the case of a single horizontal radiator of height h spaced Sr degrees in front of a 
vertical, parallel riiflecting screen, 

F = 4jBi/(^') y/P BiTi(h sin yp) sin(5r cos <p cos p) (21-27) 

- E„ (21-28) 

Rl - Rr +R. - Rm(2h) - R^{2Sr) + Rm(2 Vh* + 8r*) (21-29) 

For a single-bay curtain with two vertically stacked elements and a reflecting 
screen. 


/<’ = 8jB,/(».') V? sill (ft sin <!>) cos (^ sin sin (5, cos v cos lA) (21-30) 

A’l = J5o -x/f' 

R, = 2(«, -1- /e.) -h 2/?„(S.) - 2R»(2ft) - R^{2h + S.) - Em(2ft -JS.) 

- 2E„(2Sr) - 212m(Si) 2Rm(Ss) -i- Rm(.Si) -I- Rm(.Si) (21-32) 

where ft = lieiKht to mid-point between radiators 
iSI, 9 vertical spacing of radiators 
Sr — spacing to reflector 


Si = V«.’ + (2Sr)‘ 

S, - \/(2ft + S,)* + (2S,)» 


8, = V'(2ft)* + (2Sr)» 

Si - V'(2ft - S.)* -I- (26V)‘ 


As in the case of arrays with tuned reflector elemente, 
two-hay antennas with screen reflectors by the mutual-iinped^ce 
(,uite complex and tedious. A good approximation may be obtamed * 

El for a single bay operating with half power by the mutual-impedance method (i.e., 

spherical integration may bo employed. »Tinm«cb the action 

The size and design of the screen reflector must be adequate “ 

about one-twentieth wavelength extending wel above * ^5 to 

i lie di>«>le ends For effective reflector action the screen should be spacea trom 

wire currents increase to large valu®, resulting m relatively high losses and u 
blc impcdancc-frequency characteristics. 
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Beam Slewing with Multibay Curtain Arrays. A two-bay curtain antenna ofTcrs 
the designer flexibility since the azimuthal direction of the main radiation beam can be 
controlled by supplying energy to the bays so that the phase angles of the currents in 
the radiators of one bay differ from the phase angles of the radiator currents for the 

—*—I 


20® 10® 0® 350® 340® 



other bay. Thus the beam can be slewed several degrees clockwise or counterclock¬ 
wise from the equatorial plane. The degree of slewing with good performance is 
limited because of the formation of a relatively large minor lobe as the slewing angle 
is increased, which results in a reduction of power gain. 

The radiation pattern of a two-bay slewed antenna with the east bay leading the 
west bay by B degrees (west slew), <p taken counterclockwise, is given by: 
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For tuned reflector elements, 

F = 2Ei cos sin <»' - f) 

^ +J 1! + COB (A - Sr 008 p COS tf')] 

For a screen-type reflector, 

f = 4B, VP /(P')/W cos (I sin p' - I) sin (S, cos p cos 

Fieure 21-8 shows some examples of slewed conical relation patterns for if- - 16“ 
Figure ^ 1 » nfl+terna reflect the relative loss in power gam as the 

a curtain array of identical elements, based 
on sinusoidal current distribution, may be 
determined from; 

For radiator elements, 


(21-33) 


(21-34) 


ImSkX — 


El 

37.25(1 - cos f) 


For reflector elements, 


MEi 

' 37.26(1 - eos t) 


(21-36) 


(21-36) 


For a total power input to n radiator ele¬ 
ments, the average no-loss operating resist 
ance per clement may be obtained from 

l,390Po(l^ coijL (21-37) 

^ 

The effects of radiator loss may be deter¬ 
mined by estimating a lumpcd-clement loss 
resistance lU (usually 1 to 2 ohms) and 
computing the efficiency (power radiated 
divided by power input) by 


72, X 100 

Effy (%) - ^ + ^./ 2 /e^ 


(21-38) 



Fig. 21-9. Typical traiiBinission line ar¬ 
rangements for curtain antennas. 


This equation is valid for an antenna of 
n radiator elements with maximum current 
of /max and n identical reflector elements 

with maximum current M/max. For screen- i atnnfo should be 

type reflectors M may bo i«sun,ccl zero, but en ^dditmnal lo® ^ Bhould 

prS:f '^^21:9 Tbr two 

for curtain-typo antenna arrays. Arrangement a is the 

for antirosonant radiators « = 180“) over a narrow ^ ® ^olta^es and, 

vertical spacing is 180® all radiators are excited y ^ from coupling from 

neglecting the slight difference in feed-point resistances .rosuRing f ^ ^nt 
otL radiators, the radiator currents will bo equal and in phase. This arrangem 
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also works well with high impedance (e.g., single-wire or closely spaced two-wire ele¬ 
ments) since the input impedances of the four elements are effectively placed in paral¬ 
lel, thiis lowering the impedance to a value which may be easily matched to an open- 
wire line and reducing corona problems on unmatched sections of line. For operating 
frequencies that differ more than a few per cent from the design frequency, the ampli¬ 
tudes and phases of the radiator currents are not properly controlled, making this 
type of feeder system unsuitable for operating over broad frequency bands. 

Arrangement h shows a symmetrical feed method which ensures equal in-phase cur¬ 
rents in the radiator elements of each bay over a wide frequency range (provided the 
input impedances are very nearly equal). The element feed lines are all made of 
equal length, and with careful design in regard to impedance matching, this system 
will operate satisfactorily over a frequency ratio of 1.5 to 1.0. 

Determination of Input Impedance and Current Distribution. The operating 
resistance of a thin-wire horizontal dipole above ground, assuming sinusoidal current 
distribution, may be computed by the methods outlined above. The operating 
resistance Ri is arbitrarily referred to the maximum current (current loop) along the 
radiator. For a half-wave radiator (d = 90°), the maximum current occurs at the 
input terminals or feed point of the dipole and =» i2i, where Ri is the input resist¬ 
ance. For sinusoidal current distribution the input resistance for greater lengths 
may be determined from 


Ri 


Ri 

sin* ^ 


(21-39) 


For radiators of practical dimensions and for half lengths greater than about 120°, 
the actual current distribution departs considerably from sinusoidal, especially near 
the input terminals and for antiresonant lengths. For this reason the input imped¬ 
ance of dipole antennas with half lengths other than 90° are best determined by actual 
measurements or by reference to impedance computations for cylindrical dipoles. 

In the case of single-wire dipoles, the radius of the cylinder is taken as the radius of 
the wire. For a multiwire cage-type dipole, the effective cylinder radius (Uotf) may 
be determined approximately by^® 

( 21 . 40 ) 

where ao * radius of each wire 
n = number of wires 
a = radius of cage 

For radiators of appreciable effective diameter and half lengths greater than about 
150°, the actual current distribution may have a considerable influence on the gain and 
conical radiation patterns of the complete antenna. In such cases, the radiation 
patterns should be computed on the basis of individual element directivity factors, 
/ determined from integration of the expected current distribution. The current 
distribution may be predicted on the basis of current distribution data for cylindrical 
dipoles^or the current distribution may be measured on a model of the antenna or 
on the full-scale antenna itself. 

Practical Considerations. Half-wave radiators used for transmitter applications 
are usually constructed as folded dipoles in order to obtain a f(^ed-point resistance of 
tlie same order as the surge impedance of the open-wire balanced transmission lines 
usually employed. A two-wire folded dipole provides a feed-point resistance of 
approximately .100 ohms and can be easily matched to a COO-ohm lino with a simple 
stub or quarter-wave transformer. A three-wire folded dipole provides an input 
resistance in the order of CGO ohms and, if properly dimensioned, may be used with a 
600-ohm line without further matching.^* The shunt-fed or delta-matching system 
may also be employed to obtain an input impedance equal to the surge impedance of 
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the transmission line.” A “ Zepp ’’-type feeder arrangement may also be used with a 
dipole antenna end connected to a two-wire resonant line.” Dipole antennas of 
half-wave total length are usually used only where broad beam width is desired or 
where extreme simplicity is required or space is at a premium, because dipoles of full 
wave or slightly greater length provide considerably more radiated signal. 

Transmitting dipoles of antiresonant length or optimum length for developing 
maximum field intensity are generally constructed of two or more appropriately 
spaced wires in order to improve the impcdanco-frcqucncy characteristics and reduce 
voltage gradients at the ends and at other points of low current. 

Adjustment and Performance Measurements of Curtain Antennas. After com¬ 
pletion of design and construction, careful field adjustment of curtain antennas is 
required in order to assure optimum performance. Adjustments arc usually reqmred 
to match the input impedance of the antenna to the transmission line, and for tuned 
reflector typos the roflootor tuning stubs must be adjusted. Impedance matchmg 
should be accomplished by the use of a balanced r-f bridge or by the measurement of 
standing waves on the input line by other well-known sampling methods. 

Reflector tuning may be accomplished by adjusting for maximum forwarf field 
intensity or minimum backward field intensity at distances several wavelengths from 
the antenna. Care must be taken to ensure that only the horizontally polarized com¬ 
ponent is measured, since at locations near the ground a stroi« inoidentel verticaUy 
polarized component may be observed and the direct horizontally polarized component 
is usually largely canceled by the reflected component. 

An alternative method is to explore the operating parameters by samphng the cur¬ 
rents on the radiators with shielded sampling loops and measuring relative ph^s and 
amplitudes of the radiator currents by moans of a phase monitor and r-f voltmeters. 
This method has become standard practice for medium-wave directional antennas and 
has recently been used with good results for short-wave ant^ adjustment. Such 
measurements permit a thorough check on the variation m amplitude and phase 
between elements due to second-order effects and show the effect of frequency varia¬ 
tions on refloctor-clomcnt currents and slowing adjustments. . u. ■ j 

Performance meiumrements of curtain antonnas (or other types) may be obtamed 
by airborne moasuremonts to determine radiation patterns. Another “ethod of 
establishing the performance is to compare the field intensity measured at a dmtant 
location with the field intensity obtained from a simple dipole element. A suit^le 
system for averaging out propagation variations is to switch between ^e^^ 
under test and the reference dipole for many alternate periods of several inmutos ^ch. 
The accuracy is less dependent on different propagation nit 

tion pattern of the reference dipole is made as similar as possible to the vertical pat- 
torn of the antenna under teat by carefully selecting the height. 

Vertical Beam Slewing of Curtain Antennas. For bays composed of 
vertically stacked radiator elements, the maximum power gam and the lowest vertical 
angle for maximum radiation for a given height are obtained with all radiator o«"ente 
of equal amplitude and the same phase angle Vertical of 

radiation at higher vertical angles may be obtained by changmg the phi^ “f “ “f 
one or more of the elements, by employing unequal currents, or by exmtog o^e 
lower radiator elements. For example, an antenna with four stacked r^ator 
elements may be designed with separate transmission lines 

pairs of elements, and the switching as required to obtain vertical beam slewing m y 
accomplished at ground level. 

21.4. HORIZONTAL RHOMBIC ANTENNAS 

General. Rhombic antonnas are widely used for 
receiving applications, especially for point-to-point circuits. The use of rhombic 
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antennas is attractive because of the relatively high gain provided at moderate cost, 
the broad frequency response from the input-impedance standpoint, and the ease of 
installation and maintenance. These favorable considerations must be weighed 
against the limitations of this type of antenna, which include loss of power in the ter¬ 
minating load, relatively large secondary lobes which result in additional power loss, 
and lack of freedom in independently controlling vertical and horizontal beam widths. 



Fia. 21-10. Horizontal rhombic antenna showing symbols used. 


Radiation Characteristics. The complete radiation pattern of a horizontal rhombic 
antenna in free space (Fig. 21-10; Chap. 4), assuming a constant-amplitude traveling 
wave along the wires, is given by^®"*® 


F = 468.6/o< sin A !i!^^ sin_^ ( 21 - 41 ) 

y/mi y/m2 

mi — t/[ 1 — cos ^ cos (<p -j- A)] (21-42) 

7712 = vl[l — cos ^ cos (^ — A)] (21-43) 

where F = field intensity at 1 mile in direction at elevation angle \f/ above horizon and 
horizontal angle ^from principal axis (^ *= 0 for direction of wave travel), 
mv/meter 

^ = side length of rhombic, wavelengths 
A = angle between principal axis and side, degrees 
/o = current in rhombic wires, amp 

For the case of ^ = 0 (the principal vertical radiation plane) Eq. (21-41) becomes 


f = 74.62/0 sin A ^(1 - o°s ^ cos A)) 

1 — COS ^ COS ' 

The radiation as given by Eq. (21-44) for the principal vertical plane is horizontally 
polarized, but for the general ease where <p ^ 0 the radiation contains both vertical 
and horizontal in-phase components and Eq. (21-41) gives the vector sum of these two 
components. Computations of the separate vertical and horizontally polarized com¬ 
ponents are not generally required, but the equations for such computations may bo 
found in the literature.^® 

Radiation Resistance. The magnitude of the radiation pattern or power gain may 
be obtained from the above equations if the current Iq is known. The value of cur- 
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where P, = power radiated. An approximate expression for the r^iation resistance 
of an isolated rhombic antenna which provides good accuracy for side lengths greater 
than 2X as given by Lowin*“ is 

R, = 240(loge 47 r< sin* A + 0.577) (21-46) 

The exact equation for computing the radiation resistance involving tebulated func¬ 
tions has also been evaluated by Lowin** and confirmed and presented m a different 

^**'p^orm«mce^ Curves. Figure 21-1 la shows values of radiation resistance for 
rhombic antennas in free space with assumed constant-amplitude traveling wave for 
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vanous values of side angles A and length expressed in wavelengths. These values 
were computed by Eq. (21-46). 

Figure 21-11 also shows computed gain figures for a freenspace rhombic antenna in 
tCTms of power ra^ated compared with a half-wave dipole antenna in free space. 
Values of power gain are given for vertical-radiation angles ^ of 10, 15, and 20° above 
the horizon and for the range of side lengths and side angles generally employed. The 




(b) 

!:za forTptimum 

based on Eq. (21-44), with the current established from radia- 

t on'of 21-11 enables a determina- 

t on of the optimum side angle for a given length to provide maximum radiation at a 

Labliire?*^'^^‘*‘“'*‘°“ with frequency can also be 

isoStTrrbli half-wave dipole for an 

isolated rhombic antenna with optimum side angle, as given by Fig. 21-126 for 
vertical-radiation angles of 10, 15, and 20°. ^ * 

nrS”" “8le plotted vs. side length on the basis of 

.WSI., 
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Figure 21-13 shows the conical bcamwidths of horizontal rhombic antennas (iso¬ 
lated or above ground) with optimum side angle as given by Fig. 21-126. 

Rhombic Antenna above Ground. The radiation pattern for a horizontal rhombic 
antenna above a perfectly conducting flat ground is given by 

F = 037.2/o^ sin {h ain sin A (21-47) 

V^i vm2 

where h = height expressed in degrees and the other symbols arc as defined for 
Eq. (21-41). Similarly, for the case of the principal vertical plane i<p =0), the radia¬ 
tion is given by 

F(v-o) = 149.2/0 sin (h sin sin A - cos lA cos A)] 

1 — cos cos A 

An approximate value of field intensity or power gain for a rhombic antenna above 
ground may be obtained by assuming that the effect of the ground has a negligible 



Fig. 21-13. Conical beainwidth of horizontal rhombic antenna of optimum design (side 
angle A determined from Fig, 21-12) for vertical angles ^ of 10 and 20®. 

effect on the radiation resistance as given by Eq. (21-46). The power radiated is 
determined on the basis of the power input less the ostimated power loss in the ter¬ 
mination resistance (usually 2 to 3 db). The current can then be determined and 
substituted in Eq. (21-47) or (21-48) to provide the radiation pattern. This method 
has been found to provide good accuracy for relatively large antenna heights. 

Based on the same assumption, the power gain for a rhombic antenna above 
ground may he obtained from 

PG = PG (no loss, free space) -h 20 log 2 sin Qi sin ^) — Pl (21-49) 

where the PG (no loss, free space), is obtained from Fig. 21-11 for the appropriate 
vertical angle and Pl is the termination loss expressed in db. 

Suppression of Minor Lobes. In applications where the suppression of minor 
lobes is important or more detailed pattern information is required, design determina¬ 
tion by the methods outlined above involves many lengthy computations. An excel¬ 
lent method of determining the position and relative sizes of the major lobe and the 
more important minor lobes by means of stcrcographic charts is given by Laport.®* 
Su( 5 h an analysis of the minor lobes and the height function also permits an evaluation 
of the performance of the rhombic as influenced by height. Further details may be 
found in Chap. 4. 
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special Types of Bhombic Antennas. Several special types of rhombic antonnM 
have been developed in recent years in order to reduce the power loss dissipated in the 

terminating load and otherwise improve the performance. 

Reentrant rhombics are designed with transmission lines and matching equipment 
to return the power reaching the “terminated” end of the rhombic back to the mput 
transmission line. The impedance transfer and relative phase angle rdationship 
obtained at the point where the terminating line connects to the mput line shcmld 
satisfy the requirement of low standing-wave ratio on the terminating line. Ihe 
reentrant rhombic thus has no power loss dissipated in a load resistor, and the efnoiency 
is therefore increased by some 2 to 3 db less losses in the terminatmg line and matching 
system. The disadvantage of this type of rhombic is that a given matching and 
phasing arrangement is effective only for a smaU range of frequencies, necessitating 
readjustment for appreciable frequency changes. The matching cmcuits arc also 
quite critical and are difficult to adjust. A detailed discussion of the reentrant 

rhombic is given by Christiansen.^® , , . 

Multiple rhombic antennas of various configurations have also been employed to 
reduce dissipation losses and improve the radiation patterns. Two or more identical 
rhombic anteimas may be connected in tandem so that the output terminals of one 
connect to the input terminals of the next, with the last rhombic terminated with a 
resistor. This results in increasing both directivity and over-all radiation efficiency. 
Details of double rhombic antennas of this type as employed at the now transmitter 
plant at Wavre-Overijse, Belgium, have been published by Brown-Bovcri.« 

The radiation efficiency of rhombic antennas may also bo increased by employing 
a tier of two identical rhombics installed one above the other so as to reduce the high- 
angle radiation lobes and increase the vertical directivity. The radiation efficiency 
of such an arrangement may be further increased by interlacing two or more such sets 
of tiered rhombics so that the two tiers overlap along the principal axis. Details of 
such arrangements, including measurements of current distribution and relative gain, 
are given by Christiansen.^®'** 

Practical Considerations for Rhombic Antennas. The simplest type of rhombic 
antenna consists of four single wires forming the rhombic sides, and antcuiiaB of this 
type are sometimes employed for receiving or low-cost transmitting installations. 
For most transmitting and for critical receiving applications curtain’' rhombics arc 
employed, utilizing two or three wires per side, with the wires spread at the side 
corners and converging at the input and output apexes. Such curtain rhombics 
provide a substantially constant surge impedance along the length of the antenna, 
resulting in a lowering of the average surge impedance, a reduction in the termination 
loss, more constant input-impedance characteristics over a wide fro(iucncy band, and a 
reduction of precipitation static when used for receiving purposes. 

Typical rhombic curtains for powers up to 50 kw are constructed of three eoiiductors, 
each comprised of three twisted strands of No. 12 copper-wold wire, 'riic c.oiuluetors 
are separated from 5 to 15 ft in the vertical plane at the side corner suspension points. 
For low-power applications, an air-cooled resistor load is employed to terminate the 
end directed toward the transmission direction. For high powers, a shorted (lissipa- 
tion line constructed of stainless steel wire may be employed, provided the dissipation 
capacity is sufficient and the length is great enough so that the input impedance is 
very nearly equal to the surge impedance. The shorted end of the line should be 
grounded for lightning protection. 

For transmitter powers of 100 kw or greater, the use of larger conductor size for the 
rhombic curtains is recommended and insulators must be carefully (‘,hoH(ui to avoid 
corona troubles or excessive heating and power loss. 

The input impedance of curtain-type rhombics is of the order of GOO to 800 ohms, so 
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that usuaUy no matching stubs are required for terminating two-wire open-type 

^'Z^M^tion operation can be obtained by providing a reversing switch to 
interchange the inpuUine and disaipation-hne eonnectwns. . , , , „ 

For receiving applications, rhombic antennas may be tominated by a ‘1® 
baJanced-to-unbalanced shielded transformer for coaxial 

tions The opposite terminals (end directed toward transmitter) should be termi¬ 
nated in a reStor of about 800 ohms. In cases where bidirectioMl ■^®®®P^® “ 
desired, both ends may be terminated by transformers and connected to separate 

transmission lines. 

21.6. OTHER TYPES OF ANTENNAS 

Long Single-wire Antennas. Radiation patterns for single-w^ resonant antennas 
of diffient lengths are shown by Fig. 21-14. The radiation pattern is given by 


37.25Z cos 


(t 


where w = odd integer giving number of half wavelengths for the wire, or 

37.26/ sin cos 9^ 


(21-50) 


(21-51) 


where n = oven number of half wavelengths 
F = field intensity at I mile, mv/meter 
I = loop current, amp 

e - angle of elevation with respect to radiator axis 
For a terminated wire assuming constant current with progressive phase. 


F = 37.25/ cot I sin (1 - J 


(21-62) 


where I is the current in amperes and I is the length expressed in the same ^ 

Long single-wire antennas can bo employed effectively for 
adjusting the wire tfit and height above ground for 

direction, considering the effect of the mage antenrm. JX^ of tmns- 

obtained by tilting the wire in a vertical pl^c orient^ 

thVwirrin a horizontal plane at the appro- 

SiBSrTrSSSSiSSS 

"t V In ho. .po«., U.0 “■> •'“*** ^ 

ing through the bisector of the apex angle is given by 


F = 74.5/ sin .-I 


(21-53) 
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and for a terminated V antenna, 

sin Y ^ ] 


F = 74.5/ sin A 


1 — cos ^ cos A 


(21-54) 


where F = field intensity at 1 mile, mv/meter 

n =« number of half wavelengths in each leg 
A » half of angle at apex 
t = side length in same units as X 
1 = current at current loop, amp 
» elevation angle above plane of antenna 

Optimum design for a given vertical angle ^ and side length requires that the apex 
angle A be chosen to maximize the above expressions. The vortical pattern for 




Fig. 21-14. Idealized polar patterns for straight wires with an integral number of half 
waves of pure standing-wave current distribution. {Reference ^2.) 


horizontal V antennas above a perfectly reflecting ground may be obtained by multi¬ 
plying the above equation by 2 sin {h sin ^), where h is the height above ground 
expressed in degrees. 

Inverted-V-type antennas are constructed with the wires in a vertical plane above 
ground. Such an antenna may be treated as a rhombic antenna in free space by 
replacing the ground with the image radiators. The radiation resistance for an 
inverted V antenna is one-half the radiation resistance for the equivalent freo-spacc 
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rhombic antenna as given by Eq. (21-46). Effective low-angle radiation of such an 
antenna depends on a highly conductive ground plane. Further details of V-type 
antennas are given by Kraus" and Carter." 

Hshbone-type Arrays. The fishbone high-frequency end-fire array is shown m 
Fig. 21-16a. A two-wiro balanced central feeder is terminated at the far end, and 
half-wave dipole elements are coupled to the transmission line by high-reactance 
capacitors. Two such antennas may bo used in broadside to provide a radiation 



Fio. 21-16. (o) Calculated pattern of two-wavoloncth resonant V antenna, (fc) Terminated 
V antenna with less two wavelcii(gth8 long. {Refc'reme 7.) 


nattern as shown by Fig. 21-106. Such antennas provide good radiation-pattern 
characteristics over a broad frequency range (from 0.5 to 1.2 
frequency) and are usually employed for receiving ap^ications 

for an effective rhombic antenna is not available. Further detoik of fishbone-type 
antennas are given by Laport," by Schelkunoff and Friis," and m Cha,p. 6. 

Parasitic i^ays Using Director and Reflector Elements 
arrays, consisting of a dipole radiating element and parallel reflector and director 
elements, have enjoyed considerable popularity for amateur radio 
ating on the higher-frequency bands and have also been employed for many 
and military applications. This type of antenna is convenient for use at 
above about 14 Me, where the relatively small physical size permite 
struction so that the direction of maximum gam can be controlled irom & 

location. A single half-wave dipolo ' tTdb 

optimum forward signal will provide a gam of approximately 4 to compared 
with an isolated hah-wave dipole antenna. Spaoings in the order of 0.15 to 0.26 
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wavelength provide noncritical operation and high gain, whereas closer spacings 
involve high currents and resultant losses and unfavorable impedance vs. frequency 
characteristics. 

A dipole with a tuned director element will also provide gains of from 4 to 5 db 
with optimum spacings ranging from 0.10 to 0.20 wavelength, depending upon the 
radiator losses. Very close spacings provide high computed gains only if losses are 
not considered, and experience indicates that the effects of losses, critical tuning, and 
bandwidth limit the minimum spacing which should be used. 


TERMINAL R 



Fig. 21-16. (a) RCA fishbone antenna. (6) Horizontal pattern for two-bay fishbone 
antenna. {Reference BS.) 

Three-element parasitic arrays, comprising a half-wave dipole radiator with tuned 
reflector and director elements, will provide gains of from 6 to 8 db, and additional 
director elements may be added to form a Yagi array, with a further increase in gain. 
The adjustment of such arrays is quite critical, especially as the number of elements 
is increased, because of the high mutual coupling between elements for the close spac¬ 
ings usually employed. Such arrays generally provide optimum performan(^e only 
over a bandwidth of a few per cent of the center frequency, although greater band¬ 
width can be achieved at some sacrifice of gain. The input impedance of the driven 
element is usually quite low, in the vicinity of several ohms. For this reason, folded- 
dipole, gamma-, or delta-match arrangements are usually employed to increase the 
input impedance to a reasonable value. Further details of parasitic beam arrays are 
given in the literature*^-” and in Chap. 6. 

Comer-reflector-type Antennas. The comer-reflector antenna offers interesting 
possibilities for some high-frequency applications, especially at the higher frequencies. 
A 90® corner reflector may be formed by utilizing the ground as one reflecting plane 
and a vertical reflector curtain comprised of closely spaced horizontal wires as the 
other reflecting plane. This, in effect, is the same as a single horizontal dipole used 
with a vertical reflecting screen, and the equations and discussions given in Secs. 21.2 
and 21.3 may be applied to this type of antenna. Corner reflectors can also be arranged 
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so that maximum radiation occurs in the horizontal direction, but for horizontal polar¬ 
ization, the effect of the image antenna must be considered in evaluating the radiation 
pattern. Antennas of this type appear practical to obtain low-radiation angles only 
for the higher frequencies, where it would be economical to support a corner-reflector 
antenna at a considerable height above the ground. Vertically polarized corner- 
reflector-type antennas also have useful applications, especially where a high ground 
conductivity obtains or a sea-water reflecting plane is available. Discussions of 


corner-reflector-type antennas are given 
by Kraus,” Moullin,®^ and in Chap. 11- 
Flat-top Beam Antennas. Another 
type of antenna suitable for short-wave 
use consists of two closely spacjed parallel 
horizontal radiators mounted at the same 
height above ground carrying equal out- 
of-phase currents. In free space, such 
an antenna will provide a figure-eight 
pattern with maximum radiation in the 
two horizontal directions at right angles 
to the radiating elements. The gain of 
such an array over a half-wave dipole 
antenna is from 3 to 4 db, depending 
upon the spacing and the loss rcsistanc.c. 
Spacings in the order of 0.1 to 0.2 wave¬ 
length provide optimum gain for reason¬ 
able loss resistanees, but somewhat 
greater spacings provide more favorable 
input-impedance characteristics. This 
type of array, when mounted at a suit¬ 
able height above ground to obtain maxi¬ 
mum radiation at the desired vertical 
angle, provides an effective antenna sys¬ 
tem which is relatively simple to erect 
and is not critical to adjust or maintain. 
The input impedances of both elements 
are idontic.al, thus simplifying feeding 



Pig. 21-17. (a) Sterba curtain array, (b) 
Chiroix-Mosny array. Arrows indicate in¬ 
stantaneous current directions, and dots 
indicate current minimum points. (Re/er- 
ence 7.) 


arrangements. , . ^ j. - 

Flat-top arrays may also be designed for equal phasing of the currents m the two 

elements and with a spacing of approximately one-half wavelength (lazy-H array). 
Such operation also provides a figuro-oight-type pattern with maxima in the 
directions at right angles to the radiators and with a power gain of approximately 5 db 
over an isolated dipole antenna. Further details of flat-top antennas are given by 


Special Curtain-type Anteimas. Figure 21-17 shows examples of two speci^ed 
types of curtain arrays. The Sterba typo," shown by Fig. 21-m, provides verticd y 
polarized radiation and can bo considered as two soctionalizod FrankUn-type vertica 
radiators spaced on(!-bnlf wavelength and excited in phase. , » i..- 

Figure 21-176 shows the Chircix-Mcsny array,’’ a French system for feeding a multi¬ 
element curtain which provides the equivalent of several horizontal-dipole elements. 
The arrows shown on Fig. 21-176 indicate points of maximum current and indicate the 
instantaneous current direction. The small dots indicate the locations of curwnt 
mmima. Each of the antenna types described above requires that the element lengths 
be eut.or trimmed very carefully in order to obtain in-phase currents m all dernente at 
a given frequency. Tho bandwidth of such antenna types is therefore quite limited. 
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New Developments in High-frequency Antenna Design. A new type of high- 
frequency antenna employing the horn principle has recently been reported by 
Brueckmann.*® The surfaces of the horn are formed by a grid-type network of wires 
and the performance features high gain over a wide frequency range and effective sup¬ 
pression of side lobes. 

A new concept in antenna design employing the logarithmic-periodic principle has 
been applied to high-frequency antenna requirements by DuHamel and Berry.*® This 
type of antenna features almost constant beamwidth and gain over a wide range of 
frequencies. Details of log periodic antennas are given in Chap. 18. 

21.6. EXAMPLES OF HIGH-GAIN ANTENNA INSTALLATIONS 


Broadband High-power Curtain Array Used by the U.S. Information Agency. 
Basic information on broadband high-power curtain arrays used by the U.S. Informa¬ 
tion Agency is shown by Figs. 21-18 to 21-20. These antennas were designed to afford 



optimum signal to overseas areas from stations based in the United States, and several 
installations of this advanced type of antenna have been made at the major United 
States international broadcasting stations. Each antenna unit consists of two bays of 
four horizontal full-wave dipole elements and a plane grid reflector. A typical instal¬ 
lation includes either four or eight independently operating units supported from two 
or three common towers. Each antenna unit operates over a frequency range which 
includes two international broadcast bands and handles 200-kw amplitude modulated 
100 per cent. 

The desired broadband high-power characteristics are obtained by using in combina¬ 
tion: 

1. Low-impedance dipole elements 

2. Element-to-reflector spacing of 0.3 wavelength 
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Fig. 21-19. Compiitod radiation patterns for 9- to 11-Mc broadband high-power curtain 
array used by the U.S. Information Agency. {Courtesy of USIA and Weldon & Carr.) 

result in. uniform phase and amplitude distribution among elements. The 61-ohin 
impedance resulting at the last branching junction is transformed to either 300 or 650 
ohms by a transformer having two fixed line sections ono-cighth wavelength long and 
two variable vacuium capa{dtors. The capacitors arc adjusted to present a match to 
the transmitter line at the (l(>iHirod broadcast band. 
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Three-bay Curtain Array with Beam Slewing. Figures 21-21 to 21-23 show perti¬ 
nent details of a modern high-gain curtain antenna designed to provide horizontal 
beam slewing and to operate efficiently over two adjacent international broadcasting 
frequency bands. This antenna and several others of similar type are employed at 
the Radio Free Europe short-wave broadcasting station located near Lisbon, Portugal, 
to provide short-wave radio broadcasting service to central Europe. The antenna is 
designed for use with two 100-kw transmitters operating simultaneously in different 
frequency bands. 



Figure 21-21 shows the arrangement of the four-wire cage-type radiator elements and 
the parasitically excited reflector elements. Special double-stub tuning elements arc 
used to obtain an impedance match on the bay feed lines over the range of frcqucnc.ies 
covered by two adjacent frequency bands. The dimensions shown apply to the center 
of the higher-frequency band. A remotely controlled slewing switch is employed to 
insert a delay line in either end bay as required to obtain horizontal slewing of the 
beam. 

Figure 21-22 shows the computed radiation patterns for the antenna, including the 
effect of actual current distributions (obtained from model measurements) on the 
patterns of the individual elements. The radiation patterns shown by Fig. 21-22 
are plotted in terms of radiated field at 1 mile for an input power of 100 kw. The 
power gain compared to a half-wave dipole in free space is 22.4 db at 21.6 me and 
21.0 db at 17.8 me. 








a=± 3.5® 178 me V/M ^=3.5® 21.6 me V/M 

MAIN LOBE VERTICAL RADIATION PATTERN MAIN LOBE VERTICAL RADIATION PATTERN 

Fig. 21-22. Computed conical and vertical radiation patterns for RFE Lisbon antennas for operation in the 17.8- and 21.6-Mc inter¬ 
national broadcasting bands. {Courtesy of Itadio Free Europe and j4. D. Ring & Associates.) 
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Figure 21-23 shows the standing-wave-ratio oharaoteristios for the antenna as 
measured at the input terminals. The tuning adjustments of the antennas were made 
by employing shielded sampling loops to sample the currents on the radiator and 
reflector elements. The sampling loops were connected to a phase monitor to permit 
measurement of the relative amplitude and phase angle on the various elements. 



21.7. INSULATION REQUIREMENTS AND HIGH-VOLTAGE EFFECTS 

For high-power transmitter applications, antennas and transmission lines must be 
HngjgTiAH so that the critical potential gradient for corona (pluming) will not be 
exceeded. For an isolated cylindrical conductor, the potential gradient is a function 
of the voltage amd the radius of the conductor. Other conductors removed by a 
distance large compared with the radii have only a small effect on the critical voltage. 
Measurements at frequencies in the range of 6 to 16 Mo indicate the following corona 
voltages for practical wire sizes and actual operating conditions, including the effects of 
rain. Voltages may be minimized by using low-impedance multiwire elements and 
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low-impedance transmission lines and by maintaining a low standing-wave ratio on the 

Insulators should bo designed to operate without undue heat loss or surface leakage. 
High-grade Steatite ccramic-type insulators with a leakage path of 12 in. and rounded 
end fittings have proved satisfactory for rms carrier voltages with amplitude modula¬ 
tion of 10 to 20 kv. Wire connectors and other hardware exposed to high voltages 
should be designed with a minimum exposed radius equal to the wire radius. Con¬ 
sistent with those requirements, it is also important to minimize the size of the connec¬ 
tors, insulator end fittings, and other metal objects contacting the wires so as to avoid 
undue capacity loading. Such loading can cause large impedance transformations, 
especially where the effects are additive, such as insulators placed at half-wave mter- 
vals on a transmission line. 
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Transmission lines of the open two-wire type with surge impedances in the range of 
650 to 600 ohms are commonly employed for connecting antennas to the transmitter. 
Experience indicates that such lines constructed of conductors of three twisted No. 12 
wires are satisfactory for operation with transmitter powers up to 20 to 50 kw (100 per 
cent amplitude modulation). For higher powers in the range of 60 to 200 kw, larger 
wire sizes in the order of No. 4 to No. 0 AWG are required to provide a satisfactory 
corona safety factor, assuming fairly low standing-wave ratios are maintained. Lower 
impedance lines with four or more conductors are sometimes employed for high-power 
applications, since the wire size required is less than for a two-wire line.*® 

21.8. RECEIVING ANTENNAS 

Receiving antennas may be treated as transmitting antennas, and the radiation pat¬ 
terns computed in accordance with the data outlined in the previous sections of this 
chapter. For most short-wave applications, either dipole- or rhombic-type receiving 
antennas are employed. However, for specialized application, other types, including 
the fishbone-type array, are sometimes used. Diversity receiving-antenna installa¬ 
tions are of great value in establishing reliable point-to-point relay circuits for either 
communications or broadcast relay purposes. It has been found that two rhombic 
antennas spaced a few hundred feet provide effective space-diversity action. A still 
further increase in reliability and quality can be obtained by using triple-diversity 
reception with three antennas, with the antennas spaced along the propagation path, 
as well as at right angles to the propagation path. Broadband transformers are avail¬ 
able for terminating rhombic antennas for receiving purposes. Either closely spaced 
open-wire transmission lines or coaxial lines may be used, the latter providing better 
suppression of undesired noise signals which might be picked up by the transmission 
line. In cases where several receivers are to be operated from one antenna, wideband 
multicouplers are available to avoid undesirable coupling between receivers and main¬ 
tain the correct impedance termination of the transmission lines. 
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22.1. INTRODUCTION 

Mol)il(^ two-way coininunication systems present a number of eni^ineoring problems 
he(^ause of spat^e, wcMght, and pow(T limitations. Perhaps the most stringent require¬ 
ments are pla<‘.e(l on the antenna system, which should be small in size, pleasing in 
appearance, high in gain, rugged in construction, and low in cost. The selection of an 
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optimum antenna system for a given application requires a design compromise based 
on a thorough knowledge of the performance of available components. Such antennas 
are discussed in this section. 


22.2. SYSTEM CHARACTERISTICS 

The VHF and UHF communication systems considered here find their application 
in the land mobile service and in the coastwise and inland maritime service. The 
principal users are in the fields of public safety (fire, police, forestry, etc.), industry, and 
public communication (radio and telephone). Future development may also be 
expected in civil use through expansion of activity in the citizens^ band. 

These services are customarily established between a fixed (base) station and a num¬ 
ber of mobile stations.* Since the requirements for base-station antennas and mobile 
antennas usually differ markedly, they will be treated separately in subsequent sec¬ 
tions. Generally speaking, the service radii of most of these communication systcnis 
are measured in tens of miles, the range achieved being a function of the antenna 
heights and types, the transmitted powers, and the local terrain features. The range 
is further reduced at the higher frequencies because of the more nearly linc-of-sight 
propagation.! 

The principal operating frequencies employed in this general class of service arc 
listed in Table 22-1, together with their corresponding channel authorizations and 
power limitations. The frequency range from 26 to 50 Me is generally referred to as 
the “low band,” 152 to 162 Me as the “high band,” and 450 to 460 Me as the “450 
band.” Commercial assignments of channels in the low and high bands arc intermixed 
with various government and amateur allocations. The technical literature contains 
a number of references'"^ to the propagation characteristics of those frequencies and 
their suitability for mobile use. 


Table 22-1 


Frequency, 

Me 

Channel 

spacing, 

kc* 

Channel 

bandwidth, 

kc 

Number of 
channels 
authorized 

Baso-statioii 

power 

MobiUs 

Htation 

power 

25-30 

20 

6 

53 

To 5 kw 

To 100 watts 

30—60 

40t 

30 

335 

To 6 kw 

To 100 watts 

152—162 

60 

30 

142 

To 260 watts 

To 100 watts 

460-460 

100 

30 

100 

To 250 watts 

To 25 watts 

460-470J 

60 

30 

40 

To 260 watts 

To 26 watts 


* Channel spacing is between channel centers. 

20-kc channel spacing and (J-kc Hplit-(4iaiin(‘l l)un(I- 
width. Technical development (carrier-frequency stability) will (letcnniiie the tiniiiiK 
of narrow-band authorization in this and higher-frequency bands 

t Citizens’ band: authorizations for commercial use at the band edges depend on the 
development of citizens use. 


22.8. BASE-STATION ANTENNAS 


Vertical antennas are fundamentally omnidirectional in the horizontal plane and are 
easily made moderately directional by the addition of parallel radiatinR or parasitic 


’► For extended range systems, one or more remote auxiliary base stations may Im 
centrally controlled over wire, UHF radio, or microwave facilities. 

t In some instances, the almost clearly defined coverage at high frequencies is an advan¬ 
tage when the area of interest is likewise clearly defined, as in the case of a municipality. 
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elements. Since the coverage desired by base stations is frequently of such a nature, 
it is not surprising that the resonant vertical radiator is found as the basic element in 
most systems. 

The Vertical Radiator. In its simplest form the vertical radiator appears as a 
quarter-wave “whip,” or monopolc, 
above a ground plane. This is illus¬ 
trated in Fig. 22-1 together with the 
equivalent dipole obtained by imaging 
the monopole in the ground plane. In 
the presence of an infinite perfectly con¬ 
ducting ground plane the image will 
mirror the nionopole and cause a radia¬ 
tion field in the upper hemisphere which 
is identical to that which would be ob¬ 
tained from a dipole in free space. Since 
the monopolc radiates only half as much 
power as the dipole, it follows that its 
radiation resistance is half that of the 
corresponding dipole. 

The resonant resistances of a vertical monopolc are given in Fig. 22-2 as functions of 
the length-to-radius ratio.® The dashed sections represent extrapolations from 
Hall4n*s computations, and the circles give a few experimental points. The signifi¬ 
cance of Fig. 22-2 lies in its demonstration of the relative constancy of the resonant 
resistances obtained when the monopole is an odd multiple of a quarter wave in length. 


/ 77777777 ^ 
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(o) 


(b) 


Fro. 22-1. Vertical radiator: (a) Above 
ground plane. (6) Equivalent dipolo due 
to imaging. 



Fia. 22-2. Resonant rcsistancos of vortical monopolc above ground plane as functions of 
length-radius ratio. 

(In most mobile applications the 35 to 37 ohms of resonant resistance at a quarter 
wavelength offer an adequate match to the 50-ohin coaxial cable commonly employed.) 
Quarter-wave monopoles are strongly favored in the low band because they offer ade¬ 
quate gain at a reasonable cost. Arrays become expensive because of their size; a 
quarter wave is roughly 8 ft long at 30 Me. In the high band, a quarter-wave 
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monopole is only 18 in. long, and hence base-station antennas generally employ arrays 
because higher gains can be obtained without making the physical size excessive. 

The Ground-plane Antenna. Since base-station monopole antennas are usually 
mounted on masts atop buildings, a perfect ground plane is not present. In most 
cases the ground plane is simulated by wires extending horizontally from the base of the 
monopole. Two popular forms of such antennas are shown in Fig. 22-3a and 6. The 
ground-plane wires are usually four in number and from 0.28X to 0.30X in length, where 
X is the wavelength; the optimum length is often selected experimentally to produce a 



(a) (b) (c) 

Fig. 22-3. Ground-plane simulation for the mast-mounted vertical antenna. The folded 
section is shown in dotted lines, and a modified feed is shown in (c). 

maximum of the vertical radiation pattern in the horizontal plane. When the ground- 
plane wires are properly adjusted, the entire antenna closely resembles a dipole with 
respect to its radiation pattern and gain (typically within 0.1 db that of a free-space 
dipole). 

A refinement is obtained by adding a parallel grounded section to the monopole to 
form a folded monopole. The d-c path formed to ground affords protection against 
lightning surges; also the folded configuration is inherently more broadbanded than 
the single wire. For equal diameters in the two parts of the fold, the radiation resist¬ 
ance would be quadrupled (nominally 4 X 37.6 = 150 ohms). The grounded side is 
made smaller in diameter to lower the resistance to 50 ohms and provide a better 
impedance match to the conventional line than is obtained from the simple monopole. 

An alternative feed is shown in Fig. 22-3c. Its advantage is that the short-circuited 
quarter-wave line formed in the upper end of the mast supports the monopole rigidly 
without loading the feed point since it presents a high impedance. A quarter-wave 
matching section is sometimes placed in the transmission line at the feed point to 
improve the impedance match between the antenna and the line. 
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The Skirted Antenna. Although the quarter-wave monopole over a ground pl^e 
behaves electrically as a half-wave dipole in free space, the radial projections of the 
ground rods are sometimes objectionable physicaUy. 

Sield the mast and prevent the excitation of parasitic elements needed to form high- 
eain arrays The coaxial skirted antenna shown in Fig. 22^ behave as a half-wave 

Soiinfree space by usingaskirt to form the bottom halt of the dipoleandaehoke to 

isolate the antenna from the mast. 
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Fio. 22-4. Coaxial, cciitcr-fcd half-wave dipole with choke. 

Fundamentally, the current distribution on 

point, but sections of unfavorably phased current to alter 

presence of mast currents causes the entire antenna to b^ome touchy, i.e., xo 
its radiation pattern and input impedance when touched. 

by d»w. 5-^r^.XS. 

distribution on the upper half wavelengt o e an which creates a high 

impedance at the base of the skirt. p«nap the induced current in 

potential difference across the opening of the sk^ a n’v.e effect of the 

L .«t ..vdength t. b. ta ,b.,« ».b 

circuit at the appropriate point and reversing the phase of the eurren 
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Two or even three skirts may be added to the mast as shown in Fig. 22-5c, but the 
reduced excitation of the lower sections diminishes the effectiveness of each additional 
skirt.® Thus, while the multiple-skirt coaxial antenna resembles a collinear array of 
in-phase half-wave elements, its gain is not as great. Typical gain values are tabu¬ 
lated in Table 22-2, but since no test data are available for this type of antenna, the 
values given are merely engineering estimates. 



(a) (b) (c) 

Fig. 22-5. Evolution of multiple-skirt coaxial antenna. 


The relatively large diameter-to-length ratio of a practical skirt produces an end 
effect which requires that the exterior length of the skirt be reduced by a factor of from 
0.8 to 0.9 and the interior length by from 0.95 to 0.98.® This is accomplished by 
cutting the skirt to the proper exterior length and inserting a dielectric slug in the 
skirt to increase its electrical length. 


Table 22-2. Gain in Decibels over a Half-wave Dipole for Various Arrays 



Another element used in some coaxial antennas is the choke, which provides incrotiscd 
isolation from the remainder of the mast. The choke is a skirt which has been inverted 
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aad mounted a quarter wavelength beneath the lowest skirt. This places two high- 
impedance points a quarter wavelength apart, and since the shortest resonant elernent 
is a half wavelength, there is little excitation of this section. This is illustrated m 
Fig. 22-4 for a single-skirt antenna, showing how it leads to an equivalent free-space 
half-wave dipole. Although resonant sections can appear beneath the choke, the 
poorly excited quarter-wave choke section and the inoreasod separation from the upper 
section usually make further mast currents negligible. In general, skirted coaxial 
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Fig. 22-0. (a) Dcvclopinont of modified Franklin array. (It) 450-Me vortical radiation 
patterns. 

antennas display increased sensitivity to trequonoy changes, because of the rapid vari¬ 
ation in imp^aLe exhibited by short-cireuited lines in the vicmity of antircsonance, 

and therefore require careful adjustment. „ ,• -n Jt, 

The Vertical FrankUn Array. A modification of the Franklin array is illustrated 
Fig 22-0o.' The basic Franklin array employs short-circuited quarter-wave « 
perform the same function as the skirts described above. The chief 
multiplMkirt coaxial antenna is the poor excitation of the lower skirts The etnb^ 
ment shown permits center feed, which improves the ovw-aU excitation 
taining a simple construction. The improved current d>stnbution among rel¬ 
ating elements permits an increased gain as compared with the girted 
Also, center food prevents beam tilting with frequency smoe the phase 
played by the currents induced in the parasitic sections are ^mmotncal 
to the principal piano of radiation. The measured gam m decibels over a half-wave 
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dipole is given in Table 22-2 for a number of elements. Vertical radiation patterns at 
460 Me for seven- and three-element symmetrical arrays and a five-element tilted 
array are shown in Fig. 22-66. 

The CoUinear Array. The series-fed coUinear array shown in Fig. 22-7 employs 
periodic annular slots in the outer conductor of a coaxial line to excite half-wave dipoles 
formed by adding skirts symmetrically about the slots.® The slots are spaced 0.7X 
apart physically to keep the side lobes 16 to 20 db down. Dielectric loading of the 
feed line makes the internal spacing a full wavelength to provide proper phasing. The 
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Fig. 22-7. Series-fed, coUinear array. 


entire antenna is enclosed in a Fiberglas radome for protection and rigidity. The 
measured gain in decibels over a half-wave dipole is given in Table 22-2 for arrays of 
three and six elements The vertical radiation patterns at 150 Me for the three-elo- 
ment array and at 465 Me for the six-element array are shown in Fig. 22-76. 

Another omnidirectional, high-gain array shown in Fig. 22-8a consists of a number 
of folded half-wave dipoles which are series-fed by a coaxial line.® The dipoles are 
placed symmetrically on opposite sides of the mast but yield a fairly omnidirectional 
horizontal pattern by virtue of their shape and their spacing with respect to the mast, 
the circularity of the pattern being ±1.5 db in the high band and ±0.7 db in the 450 
band. The measured gain in decibels over a half-wave dipole is given in Table 22-2 
for arrays of several elements. A typical vertical radiation pattern and gain plot for 
the eight-element array are shown in Fig. 22-86. 

Directional Antennas. While omnidirectional coverage is the type most frequently 
desired, there is an occasional need for a bidirectional pattern when communication is 
desired along a given path such as a pipeline, a highway, or a railroad. Coverage 
resembling a cardioid is desirable when the region to be covered is more or less circular 
but where the base station must be located at the periphery. This situation arises 
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whea the local prominence used to hold the antenna is a nearby hill rather than a tall 
building. Coastal cities often find their hub near the coast line, again making an 
off-center, circular pattern desirable, the direction of the pattern being reversed to pro¬ 
vide maritime service. Unidirectional, or beam-type, patterns are the most efficient 
for point-to-point coverage and constitute another general class of directional antennas. 

The most common arrays of antenna types used to form these patterns are iUus- 
trated in Fig. 22-9.* The bidirectional antenna (Fig. 22-9o) consists of a pair of 




TYPICAL VERTICAL RADIATION PATTERN 
FOR 8-ELEMENT ARRAY 


lAl 



(b) 

Fio. 22-8. Mast-mounted, collinear array. 


dipoles spaced approximately 0.2\ apart and given a 180° phase difference by inser^g 
an additional half-wave section of lino between one of the antennas and the 
with the line from the other. Thus broadside signals arrive in phase at the individual 
antennas and cancel at the junction, while in-line signals combine nearly m phase m 
the common lino. The antenna shown exhibits a gain of 3.2 db over a half-wave dipole. 
Increased directivity and gain can bo obtained by combining further properly spae^ 
and phased elements. A single monopole and reflector can be combmed as in JJTg. 

22-96 to form a cardioidal pattern. , 

Unidirectional arrays commonly employed in commimication systems are illustrated 
in Fig. 22-9c. The corner-reflector type usually uses a single half-wave dipole in con¬ 
junction with a screen or grid reflector. The setuare corner (90°) reflector is the most 
popular, although 120° reflectors are sometimes used when less directmty is desired. 
Gains of 7.5 to 8.0 db relative to a half-wave dipole are typical for the former, and 


* The radiation patterns shown in Fig. 22-9 were abstracted ft®oductB 

published by the Andrew Corporation, the Gabriel Company, and the Mark Frod 


Company. 
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5.2 db for the latter. The spacing of the dipole from the corner is usually 0.25X to 
0.5X and is selected to give a desirable radiation pattern and radiation resistance. 
Details of these effects are given in Chap. 11. The reflector itself should have mini¬ 
mum dimensions of a = 2«, 6 = 0.6X, and a grid spacing, if any, of O.IX. 




HORIZONTAL RADIATION PATTERN 
(a) 




HORIZONTAL RADIATION PATTERN 
CORNER REFLECTOR 








HORIZONTAL RADIATION PATTERN 
(b) 
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Fig. 22-9. Various types of directional antennas suitable for base-station use: (a) 
tional. (b) Cardioidal. (c) Unidirectional. 


Bidirco- 


Yagi antenna employs a reflector and one or more directors to form a simple but 
effective directional array. A stacked pair using single directors as illustrated in Fig. 
22-9c can display a gain in excess of 15 db. 

The only antenna in current use which does not employ vertical polarization is the 
helical antenna, which is treated in Chap. 7. Its circularly polarized pattern is very 
nearly symmetrical about its axis, thus giving a “pencil-beam type of pattern. Com¬ 
pared with the antennas previously discussed, it is quite broadband, showing relatively 
small variations in impedance or radiation resistance over frequency ranges of as much 
as 2:1 when radiating in the axial mode. Gains of 10 to 15 db are possible without 
excessively large structures. Also; the use of right- or left-sense polarization permits 
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greater decoupling on repeaters. Multiple-helix arrays can combine polarizations of 
opposite sense to provide linear polarization. 

As contrasted with FM and television transmission, mobile and point-to-point com- 
nmnicai.ioii systems are fortunate in having relatively narrow bandwidths (30 kc 
maxiniuin), which preclude many dillicult broadbanding problems. Even the high- 
gain arrays described can be tuned by simple matching techniques; of course, they may 
require retiming if the operating frequency is changed. 


22.4. MOBILE ANTENNAS 

The requirement that an antenna be capable of operating from a moving vehicle 
restricts the choice of antenna types markedly. Vertical polarization is virtually a 
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Eio. 23-10. Itoortop antennas of various conagurations. 

.„„t, tor r.,0 

desired in order to make communication mdependen o location usually 

Several posHibilLties exist tor locating the antenna on the vehicle, the location us 

dotonnining the suitable antenna type." „ ^ antennas mounted 

The Rooftop Antenna The 

on a more or loss flat surface of a vehic surfaces provide good ground 

dock of .r .hip, or tbo «b or tr.Uor ot . llr, fc, «r 

planes and lead to the quarter-wave r p , . .g ^ jjg makes an 

Ltcmia. In the high band a quarter-wave inonoP^e «^ 

excellent antenna, which closely appearand, 

construction is rugged and simple ““ ^ quarter-wave monopole reduces the 

The physical length of 6 m. for j“-f^.^^u,onopole, and hence further 
aperture roughly ninefold, as compared with a high-bantt mon v 
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aggravates a situation which already suffers from reduced transmitter powers and 
receiver sensitivities as well as increased line-ofnaight limitations. However, an 
increased gain can be obtained by lengthening the radiating element. Figure 22-lOa 
illustrates the simple quarter-wave rooftop monopole: as pointed out with reference to 
Fig. 22-2 its resonant resistance is relatively independent of the wire size and the vari¬ 
ation in impedance is small in the vicinity of resonance. Extending the radiator to a 
half wavelength as in Fig. 22-106 leads to an equivalent free-space, full-wave dipole 
with a theoretical gain of 1.67 db relative to a half-wave dipole. However, the high 
antiresonant resistance encountered at the feed point makes such an arrangement 



(b) 

Fig. 22-11. (a) Mobile dircctive-antenna system. (6) Typical antenna patterns. 

impractical to feed from the usual type of coaxial line, and some sort of matching sec¬ 
tion becomes necessary in the transmission line. The variability of the antenna 
impedance with wire size and frequency must be accepted as the inevitable conse¬ 
quence of increasing the gain. 

The arrangement of Fig, 22-lOc uses a two-wire quarter-wave matching section 
exterior to the coaxial line. The increased separation between the half-wave monopolc 
and its image increases the theoretical gain to 3.26 db relative to a half-wave dipole 
because of the favorable mutual impedance but introduces a slight matching problem 
since the fluttering of the wires varies the spacing, and hence the characteristic 
impedance, of the matching section. A spacer may be placed at the top of the match- 
ing line if the feed-point impedance is not too high (i.e., if the length-to-radius ratio 
of the half-wave radiating section is fairly small), but care must then bo exercised to 
avoid mismatch and degradation of performance in operation due to dirt, moisture, or 
ice. The antenna of Fig. 22-lOd is basically similar but offers some lightning protection 
by using the grounded wire as the radiating element. 

Practical antennas of the foregoing types generally display somewhat less gain than 
plme quoted because of the imperfectness of the average rooftop as a ground 

When directional mobile antennas are desired, they are most conveniently made of 
rooftop dements. _ ^ interesting example'^ is the antenna evolved to diminate inter¬ 
ference at the vehicle when operating roughly midway between repeater stations on a 
superhighway As iUustrated in Fig. 22-1 lo, a pair of quarter-wave monopolcs arc 
spaced somewhat less than a quarter wave apart and switched to serve alternately 
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as the driven and parasitic elements, of a directional array, similar to that depicted in 
Fig. 22-9f). The resulting cardioidal pattern is reversible and provides a 5.1 field- 

strength ratio, as shown in Fig. 22-116. . 

The Bmnper-mount Antenna. Rooftop quarter-wave monopoles are impractical 
for most land vehicles in the low band because of their height. They are then mounted 
on the front or roar of the vehicle, usually on the rear bumper in the case of automobdes. 
The dissymmetrical location of the vehicle with respect to the ant<^ and the l^k of 
adequa J ground plane (there is usually a fairly high unpedance from tte " t<> 
the actual ground) cause a performance which varies with the particular installation. 



The average gain is often near that of a frce-spaco, half-wave dipole, but Jo mfl™ 
of the vehicle on the radiation pattern (both horizontal and vertical) is not easily 

predictable and is best found by moasurcmont.i* 

The coaxial, ccnter-fcd half-wave dipole shown in Fig. 22-4 is often used g 
band bumper-mount antenna when it is impractical or undesirable to ^e a rooftop 
monopole. The performance is not substantially different for the two 
that the vehicle causes the expected pattern perturbations. 

on the vehicle must be considered at the higher frequencies J?’ ^ 

supports, brackets, and broadcast-band antennas can seriously distort the radiation 

^^'H^h-gain antennas for the 460 band are better suited to bump® than 
mounting. The double- and triple-skirt coaxial antennas discuffl^ mouht 

Fig 22-5 work well as bumper-mount antennas. A high-gain, 460-Mc bump 

fntnL (1. suited for bare-station use) is shown in Mg. 2^12 » The monopoWd 
the skirt axe both made 0.6X in length to give ^ effective 1.2X wrth a s^bs^^ 

quent measured gain of 3 db over a frcc-space half-wave ‘P® the skirt 

couples the coaxial line to the relatively high impedance ee poi , matching 
contains the conventional short-cireuited, quarter-wave base section. The matemng 
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section differs from a quarter wave in length since it is necessary to tunc out the feed- 
point reactance which appears for a 1.2\ radiator. 

The Cowl-mount Antenna. Many automobiles mount broadcast-band antennas 
on the cowl or the rear deck over the fender well. In some applications it is desirable to 
mount VHF or UHF communication antennas in the same fashion, oven combining 
their function when possible. Typical of such use is the disguised antenna shown in 

Fig. 22-13 for use by law-enforcement agencies 
that wish to avoid detection by displaying an 
antenna obviously designed for VHF or UHF 
communication. In the low band the disguised 
antenna is from an eighth- to a quarter-wave 
long and is tuned by placing short-circuited stubs 
on the transmission line. The high-band dis¬ 
guised antenna is in length and uses the cor¬ 
ner window post of the car body to serve as the 
second conductor of a two-wire quarter-wave 
matching section, as in Fig. 22-10c. 

Some attention is being directed currently 

Fig. 22-13. Disguised antenna. toward developing a high-gain, cowl-mounted, 

450-Mc antenna, but no antenna has emerged as 
yet with a clear-cut superiority over the rooftop antenna. In general, there is less 
distortion of the horizontal radiation pattern for a cowl-mount antenna than for a 
bumper-mount. 

Testing. It may be concluded from the foregoing discussion that the performance 
of mobile antennas can differ greatly from that which might be expected on the basis 
of theoretical considerations alone. The effect of the vehicle on both the radiation 
pattern and the antenna impedance may be significant, and an experimental procedure 
is indispensable for successful design. 

Electrical similitude permits scale-model testing, which is a useful method for 
simplifying tests. Unlike aircraft, howevm:, land and water vehicles operate in the 
vicinity of an imperfect earth, which is not always well simulated by a ground plane. 
Furthermore, models do not scale the loss factors, dielectric constants, and current 
distributions well enough for some purposes. Hoods, doors, trunk lids, etc., cause 
impedance discontinuities on the surface of the vehicle and thus affect the current dis¬ 
tributions, particularly at the higher frequencies. For example, full-scale testsindi¬ 
cate that interferences in the radiation pattern are due to high-density currents in the 
favored paths to ground and that one solution is a modification of the lower extremities 
of the vehicle by bonding and strapping. There is a current trend toward full-scale 
testing on an actual vehicle which gives a more accurate picture of the performance to 
be expected from various vehicle-antenna combinations. Minor effects due to varying 
parameters can then safely be extrapolated from associated model tests. 

Polarization Dispersion. Although vertically polarized antennas are employed in 
mobile communication systems, operation in mountainous terrain or in metropolitan 
areas having tall buildings can alter polarization by reflection. Tests in hilly terrain 
with antennas of various polarization indicate that substantial improvements can be 
realized by switching polarization upon encountering fading, 

22.6. SYSTEM DESIGN CONSIDERATIONS 

The choice of suitable antennas for a VHF or UHF communication system seldom 
depends solely on the characteristics of the system in question. This is particularly 
true of the base-station antenna since the factors which make a particular location 
desirable as the base-station site for one system usually apply equally well for other 
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systems and it is not uncommon to find a number of base^tation ant®nas and masts 
in proximity at the selected site. These and other considerations affecting antenna 
selection and location are treated in this section. j • a 

Pattern Distortion. The radiation patterns of the antennas discussed m Sec. 
22.3 are typical of their behavior in free space. In practical cases, such antennas are 
often mounted alongside building waUs, chimneys, masts, or other objecte which tend 
to distort the radiation patterns.” In general, the effect is to cast a shadow whose 
extent depends greatly on the nature of the object. It k not po^ble to outhna p^ 
cedures which will permit predicting the extent of such effects, but it is clw that their 
effects can be reduced by increasing their spacing from the antenna as much as poroible. 

A spacing of a half wavelength or more from reasonably sized, nonoondurtmg objecte 
such as chimneys wUl usually reduce the pattern distortion to a tollable amount. 
Larger nonconducting objecte such as walls and elevator-shaft housings ^ay <iMt 
sizable shadows and should be avoided if possible. If not, the antenM should be 

oriented so as to direct the shadow away from the main area of interest. Elevating e 

antenna is often the best solution to the problem. , . ^ 

When the antenna must be located near conducting objecte, the resulting patte n 
distortion can become marked and unpredictable. Masts and other antenna elements, 
many of which are nearly resonant to the frequency of the system being installed, ^ 
act as parasitic elements and reradiate sufficiently to produce nulls a,nd lobes. Tests 
indicate that a spacing of 0.7X. between a mast and a half-wave dipole gives the mos 
uniform horizontal radiation pattern.^ (The measured difference between Je si^^ 
strengths in the most favored and least favored directions was 7 db for mast diametere 
of both 0.168X and 0.0773X.) Small spacings cause large shadows, while spacing m 
excess of 0.75X cause the appearance of deep nulls. The excitation of resonant objecte 
can be reduced by raising or lowering the antenna, thereby redumng the couphng, smee 
the principal radiation is generaUy in the horizontal plane. The resulting radiation 

pattern must be checked by field test. , v v ^ v 

Directional antennas such as Yagi arrays, corner reflectors, and helices are usua y 
mounted on walls, chimneys, or masts, since clearance is not required in aU directions. 
In such cases it is simply necessary that the near field be clear 

impedance of an antenna is seldom noticeably affected by nearby objects ’^hen the 
antenna is sufificiently isolated from such objects so that their effect on the radia 
pattern has been minimized. _ <‘nnv..r- 

Coverage. In the absence of interference, the maximum usable r^ge, or cover 

age,” is determined by the transmitter power, the receiver sensitivity, tte antenna 
and heights, the operating frequency, and the path attenuation. The no - 
Irams presented in Chap. 33 permit the prediction of the received “ ^w 

Ltween half-wave dipoles for a radiated power of 1 watt as a function of the Mtenna 
heights, the operating frequency, the range, and the effective ea^h s ™d* • 
other antenna types and transmitted powers the received power is by the 

sum of the antenna gains in decibels and the transmitted power m dbw. In 
it should be noted that the received power is directly proportional to the square of the 
product of the antenna heights. Accordingly, increased antenna heights are often 
the most economical moans of getting the desired coverage. 

At the higher frequencies, notably 450 Mo, the need for increased gam to offset 
reduced antenna apertures had led to antenna types whose 
become small enough so that the inclination of the mam lobe with r^pect ^^e 
has become important; some antenna types even depress the mam ^ 
order to provide better illumination of the service area (cf. Fig. ® 

unUkely that service will soon be extended to the 900-Mc r w, where 
ment w^fil become critical. At the higher frequencies it wiU be possible to ' 
shaped-beam antennas, which can be designed to provide more nearly unfform illumma- 
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RELATIVE FREQUENCY-MC 

(a) TYPICAL 6 DB RECEIVER DESENSITIZATION CURVE 



f 8f I6f 24f32f40f48f 

HARMONICS OF CRYSTAL FREQUENCY f 

(b) TYPICAL TRANSMITTER SPURIOUS EMISSION 



(c) TYPICAL RECEIVER SPURIOUS RESPONSE (10 DB QUIETING) 

Fig. 22-14. Typical curves for: (a) Receiver desensitization, (b) Transmitter spurious 
emission, (c) Receiver spurious response. 


tion of the service area, as is done in some TV antenna installations. Fortunately, 
such techniques are fairly well understood as a result of activity in the radar field and 
become feasible at the higher frequencies because of the reduced physical sizes of the 
antenna elements. 

Interference. As mentioned with respect to pattern distortion, base-station 
antennas for a number of systems may be grouped in proximity with one another. 
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Under such conditions interference between systems becomes likely and steps 
taken to ensure that the capabilities of the system are not unpaired ’’y 

other systems on adjacent channels. Studies of the interferenM problem indicat 

that the following factors are the principal sources of difiioidty: (1) 
sitization, (2) transmitter spurious emission, and (3) receiver spurious r P • 
These factors are not primarily characteristics of of 

transmitter and receiver imperfections do exist and produce interference by virtue of 
the coupUng between antenna systems. Thus an interference-free system ultimately 
depends on the design of a good antenna system. 



Fig. 22-16. Attenuation curves of resonant cavities. 


Reefer desmdti^aicn is the reduction in sensitivity caused by the prewnce of a 
strong signal in a near or adjacent channel The interfermg signal f 
which reduces the gain in the early stages. Intermodulation products develo^d in t 
converter stage also produce on-channel components which 
tivity of FM receivers. A typical desensitization curve is giwn in g. 
Desensitization is described quantitatively by finding that 

level which requires a given increase (usuafly 6 db) in the on-channel signal to restore 

eniwwo" results from the appearance at the output of sP^mus 
exci"stal ^monies. Keeping such emissions 60 db below the earner«« 
by the FCC does not prevent interference in adjacent systems even with weU^esi^^ 
SlS^tters Modifiation noise and distertion«.« produce sidebands wtech extend 
to adjacent channels and cause interference. Also pr^ent at the 
will be the beat products between the transmitter carrier and other earners whic 
fed back through the antenna into the nonlinear amplifying stage. A typical trans- 

results from the imperfect selectivity of practical tuned 

circuits and from cross modulation in the converter stage, f f “ 

depends strongly on the bandwidth-determining elements in the i-f amplifier. 
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Strong responses appear in narrow frequency bands wherein the harmonics of the 
incoming signal and the local oscillator combine to form products in the passband, 
the most familiar and strongest of these being the image response. A typical rccciver- 
spurious-response plot is shown in Fig. 22-14c. Since most mobile systems employ 
frequency modulation, the response is shown as a 10-db quieting curve, that is, the 
signal power required at a given frequency to produce 10 db of noise quieting at the 
receiver output. 

If, using the foregoing as criteria, it is decided that no interfering signal shall cause a 
densensitization in excess of 6 db or a quieting in excess of 10 db, the isolation which 
must be obtained between the antennas can be found by comparing Fig. 22-146 with 
Fig. 22-14a and c and noting that all spurious emissions must fall below the desensitiza- 
tion curve and must avoid the spurious response of the quieting curve. 



Fig. 22-16. General antenna configuration for computing coupling: O is the gain relative 
to a half-wave dipole and is the relative-power-radiation pattern. 

If the required isolation cannot be achieved solely by orienting or separating the 
antennas, additional selectivity can be placed in the receiver input circuit in the form of 
resonant cavities to discriminate against off-channel signals.*® A typical set of 
attenuation curves is shown in Fig. 22-15. 

Coupling. The isolation dictated by the preceding considerations is obtained by so 
orienting the antenna with respect to the other antennas that the coupling is suffi¬ 
ciently reduced. For practical antenna spacings, an estimate of the coupling can be 
obtained by using the normal propagation formulas. 

Referring to Fig. 22-16, the ratio of the received power to the radiated power for 
antennas operating at a wavelength X and at a separation d in free space is^ 

where G(0,<p) is the antenna gain function relative to an isotropic radiator. Since 
antenna gain G is frequently given as the maximum directivity relative to a half-wave 
dipole (which has a gain of 1.64 relative to an isotropic radiator), the gain function can 
be written 

0(0,^) = 1.64G!f(^,<A) 

where f(9j<l>) is the power radiation pattern relative to its maximum. Then the cou¬ 
pling becomes 

As an example, consider the 150-Mc antennas shown in Figs. 22-7 and 22-8 separated 
by a distance of 10 wavelengths and making an angle of 45". Then from Table 22-2, 
Oi = 4.23 db = 2.65 and Gt = 6.3 db = 4.27, while from Figs. 22-76 and 22-86 (noting 
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that the patterns are not functions of 4> since the antennas are omnidirectional). 
;j(_ 45 ") = 0.05 and/a(+45'’) = 0.1, giving 

Pj „ X 2.66 X 4.27 X 0.05 X 0.1 = 9.56 X lO'* - -50.2 db 

Differences in polarization may provide additional decoupling. foUows- 

The steps to be Mowed in selecting the antennas for a given system “e “ te 1 • 

1 slot the antenna gain required on the basis of the coverage desued the avad- 
able transmitter power, the receiver sensitivity, and the antenna height availab , 
f pufl-n fThe relative costs of the transmitter power and 

us.^ the tS pdnt te select the most economical system, 

antenna gam can be compared at tnis poiuu w Ai«n 

Increased antenna gain often costs less than additional transmitter 

a^te^ gain increJes coverage on reception as weU as transmission ^ 

co^ideration when a large number of mobile stations are served by a smgle base 

®*?“MLure the spurious-response characteristics of the receiver and the spuriou^ 

field-strength meter andreferring themeasurementeto the „ "l4 

thesTdata in accordance with the method described in conjunction with Fig. 22-14, 

*• ‘I'' “““ '-a™ 

tiou, cavities may be employed to decrease the couphng furt er. 
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antennas used for these services must be such that the input impedance remains con¬ 
stant over a frequency range which is 10 per cent of the operating frequency for the 
lower TV channels and 0.2 per cent of the operating frequency for the FM chauiiels. 

The Technical Standards of the Federal Communications Commission specify the 
maximum effective radiated power (rms power in the horizontal plane) wliich FM and 
TV stations can radiate. Those Standards do not specifically limit the elTec.tivo 
radiated power (BRP) of FM stations, except in the northeastern section of the United 
States; consequently several stations are operating with radiated power in cxcu^ss of 
300 kw in order to provide wide area coverage. The TV Standards limit the ERP 
of Channel 2 to 6 stations to 100 kw, Channel 7 to 13 stations to 316 kw, and Channel 
14 to 83 stations to 5,000 kw. With the output of present-day transmitters operating 
in the UHF band limited to 50 kw and with considerable loss in the connecting trans¬ 
mission lines, it is necessary to obtain the ERP by providing antennas having power 
gams up to 60. Antennas presently in use for these services have power gains rangiixg 
from 0.9 to 60. 

Under the present system of channel allocation, it is the general practice to employ 
a horizontal radiation pattern which is essentially circular. The circultirity of the 
horizontal pattern depends on the type of antenna, the gain obtained, and the posi¬ 
tioning of the antenna on the supporting structure. At the present time, directional 
antenna systems may not be used to reduce the minimum mileage separations con¬ 
templated in the Standards, but they may be used for the purpose of improving service 
or utilizing a particular transmitter site. The Standards further limit the radiation 
in the maximum direction to that value of ERP specified for the particular freciiuuicy 
bands involved. The ratio of minimum to maximum radiation in the horizontal 
plane cannot exceed 10 db at the present time. 

With the advent of high-gain transmitting antennas, the beamwidth in the vorti(«il 
plane has been reduced to approximately 1® for antennas with a gain of 60. The 
beamwidth between the half-power poinhs for typical antennas presently used for VHF 
television installations is approximately 4° and for UHF stations is 2®, An inheremt 
problem associated with high-gain arrays is the existence of nulls in the vortical radia¬ 
tion pattern. These nulls are particularly bothersome especially when the traiisinit.- 
ting antenna system is located in or near a residential area. Areas of low signal result 
from these nulls, and reflections from objects located in contiguous areas of high signal 
cause ghosting and distortion to the signal received in the low-signal areas. It 
is necessary to fill in the nulls in the vertical pattern to overcome this difficulty. This 
is usually done by dividing the power unequally between the various clem cuts of the 
antenna array. Null fill-in is accomplished with an accompanying reduction in gain in 
the horizontal plane. With certain combinations of terrain and antenna height, it is 
desirable to have the maximum radiation occur at an angle other than the horizontal. 
The required beam tilt can be achieved by several methods. If it is desired to tilt tint 
beam the same amount in all azimuthal directions, the phase relationship betwcHui the 
currents feeding the various elements is modified to give more shift between adjactent 
elements. If tilt is desired in a certain area and not in others, the antenna can b(j 
mechanically tilted in the desired direction. A combination of electrical and incushani- 
cal tilt can be utilized to provide the desired amount of tilt in several directions. 

It is common practice in television antennas to diplex the visual and aural signals 
and transmit them from the same antenna. This requires that the interconncMiting 
cables and components used in the antenna must be capable of handling the combined 
peak power of the visual signal and the average power of the aural transmitterr. It 
is common practice to have the average aural power equal one-half of the peak visual 
power. In general, most VHF antennas are capable of handling 35 to 50 kw of peak 
visual power and 17.5 to 25 kw of aural power. The lower-gain UHF antenmis will 
handle 10 kw of peak visual power, and the higher-gain antennas will handle 50 kw. 
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This power rating is based on the addition of an aural signal having an average value of 
one-half the peak visual power. The FM antennas presently in use will handle up to 


50 kw. 

The Technical Standards of the Federal Communications Commission specify cer¬ 
tain combinations of maximum ERP and antenna height above average terram which 
may be employed by TV and FM stations. The FM Standards specify a maximum 
EBP of 20 kw and an antenna height of 500 ft above average terrain, except where it 
can be shown that more power and height are needed in order to provide the desired 
coverage. The TV Standards presently divide the United States into three zones for 
the purpose of determining maximum height and power. Zone I consists gener^y of 
the heavDy populated area east of the Mississippi River and north of the Ohio River, 
including the entire state of West Virginia and most of the state of Virginia, ^ne 11 
consists of the balance of the United States, except for a region along the Gulf coast 
(defined as Zone III), where abnormal tropospheric propagation conditions are fre¬ 
quently encountered. Table 23-1 contains the data regarding the maximum power 
and height restrictions for TV. 


Table 23-1. Maximum TV Power and Height 



Zone I 

1 Zones 11 and III 

Channels 

Max. ERP, kw 

Max. height, ft 

Max. ERP, kw 

Max. height, ft 

2-6 

7-13 

14-83 

100 

316 

5,000 

1,000 

1,000 

2,000 

100 

316 

5,000 

2,000 

2,000 

2,000 


If stations employ antenna heights in excess of those shown m Table 23-1, they ^ 
required to reduce their power accordingly. The current trend m TV is to 
towers and obtain as large a coverage area as possible, .pother conaderation 
involved when determining the height of the tower and antenna is “ 

much of the terrain within the coverage area withm radio Ime of sight This is a very 
important consideration in rough terrain, where shadowing is a problem. It is also 
desirable to have the antenna higher than surroundmg buddings or obstructions. 

The problem of obtaining a suitable site for the location of TV or FM tr^smitt ng 
installations is complicated by a number of variables. The site should afford a line-of- 
sight path to the city in which the station is assigned. It should also be situated so 
that the following minimum field strength in decibels above one microvolt Per “ete>: 
wiU be provided over the entire principal community to be serv^: Channel 2 to 6, 
74 dbu; Channels 7 to 13, 77 dbu; Channels 14 to 83, 80 dbu. For FM, a median Hgn 
strength of 3,000 to 5,000 Mv/meter must be provided over the entire community to l^c 
served. Caro must be taken in selecting a site for a TV or FM antenna to that it will 
not affect the radiation patterns of any standard broadcast stations which might bo in 
the immediate vicinity. It has been found necessary in certain otocs to basMnrolato 
the supporting structure and support the transmission Imos and ®>rcuite on 

insulated hangers when the structure is in the immediate vicinity of a standard broad¬ 
cast station. The base capacity can then be ‘‘ detuned to reduce the 
the tower. Several other methods have also been used to detune FM and TV 

towers in order to reduce AM reradiation. ^ j j. « 

In addition to those problems, care must bo taken in locating the tower and antenna 
structure so that it is not a hazard to air navigation. Part 17 of the ^ 

Federal Communications Commission contains requirements which must be mot in 
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order to obtain approval from the Federal Aviation Agency (FAA) for the erection 
of a tower. In general, it is necessary for the site to be outside of established civil 
airways and also at least 3 miles from any airport. Coordination with local airport 
personnel and FAA authorities is a necessity in selecting a site for a tall tower. 

FM TRANSMITTING ANTENNAS 
23.2. FM SQUARE-LOOP ANTENNA 

The square-loop type of antenna has proved to be an efficient moans of obtaining 
high values of effective radiated power without using very high powered transmit.tors. 
The square-loop array consists of a number of square loops stacked vertically to 
provide power gain in the horizontal plane and vertical directivity. The resulting 
horizontal radiation pattern is essentially circular. 




Fig. 23-1. FM square-loop details. Fig. 23-2. Square-loop multibay food details. 

The loops are so designed that the input impedance of each pair of loops is 50 ohms, 
so they may be fed by standard coaxial transmission lines. Preliminary impedance 
matching is achieved within each loop as shown in Fig. 23-1. The parallel impedance 
of such a loop has a resistive component which is essentially 100 ohms over the entire 
FM band. With the input resistance of each loop equal to 100 ohms, a pair of loops, 
spaced a half wavelength apart and fed as shown on Fig. 23-2, have an input impedance 
of 60 ohms. Thus it is possible to operate the same size loop at any frequency within 
the FM band and maintain an input impedance of 50 ohms. The voltage standing- 
wave ratio measured at the input of a pair of stub-tuned loops can bo adjust.(id to less 
than 1.2, and the over-all input VSWR to an array will be less than 1.5 at any fre¬ 
quency from 88 to 108 Me. 

It is customary to space adjacent loops 332® apart at 100 Me in commercial mod(ds 
of this type of array. It is thus possible to use the same physical strucsture over the 
entire FM band since the optimum power gain occurs when the loops are approxi¬ 
mately 360® apart. The loop antenna array is normally available in combinaiioiis of 
2 loops up to 12 loops. The power gain* of the array with respect to a dipole varices 
from 2 for a 2-loop array to 12.4 for a 12-loop array. In a multiloop array, all loops 
are fed with equal power and electrically in phase. Arrangements can be madet to 
feed all loops with a single transmission line from the transmitter, or it is possibles to 
feed them with two lines in order to provide stand-by facilities in the event one line 
fails. 

* All gain figures quoted in this chapter are relative to the gain of a half-wave dipole. 
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The square-loop array is available as a standard commercial product. The array, 
including harnesses, feeders, and structural members, ranges in weight from 1,280 lb 
for the 2-loop array to 16,036 lb for the 12-loop array. The corresponding wind¬ 
loading figures are 7,480 and 290,000 Ib-ft. The 2-loop array has an over-all height of 
18.6 ft, and the 12-loop array is 111 ft over-all. 

This antenna has the advantage of providing high gain for a minimum antenna 
aperture. The array also provides maximum lightning protection, since all-metal parts 
can be used and the supporting structure is a part of the electrical network. Since the 
same-sized loops are used for all FM frequencies, it is necessary to change only the 
matching stubs to change frequency. 

A disadvantage of this type of array is the necessity to mount the loops on a square- 
tower section, which would then mount on the supporting structure. This array has a 
substantial wind-loading factor, and with the large dead weight, a heavy-duty sup¬ 
porting structure is required. 

28.3. FM CLOVEELEAF ANTENNA 

The FM cloverleaf antenna is composed of two or more vertically stacked radiating 
units. Each radiating unit is made up of a cluster of four curved elements, the plan 
view of which resembles a four-leaf clover. 

A radio-frequency voltage applied between 
the common junction of the four elements 
and their respective ends causes, in effect, 
a ring of uniform current about their axis, 
thus producing a circular radiation pat¬ 
tern. The maximum gain of a multi¬ 
element array occurs when the instantane¬ 
ous currents in all radiating elements are 
equal in phase and magnitude. The indi¬ 
vidual elements are stacked one-half wave¬ 
length apart, and the common point of 
each element is clamped to a 3-in.-diam¬ 
eter steel conductor, which is centrally 
located within the antenna structure. 

The outer conductor of the feed system is 
the special tower structure. Since there is 
a phase reversal every half wavelength 
along such a transmission line, the mount¬ 
ing position of the radiating elements in 
adjacent units is reversed, as shown in Fig. 

23-3. This procedure assures proper cur¬ 
rent phasc-and-magnitude relationship 
without the use of multiple transmission 
lines or pha8e-cu)rrecting lines and networks. 

It is common to stack any number of 
elements from 2 to 12 in order to obtain the 
desired power gain in the horizontal plane. 

There is no need to stae.k the elements in 
multiples of 2 ])e(!auH 0 of the simplicity of 
the feed systems. The power gain for this antenna varies from 1.3 for a two-element 
array to 4.7 for an eight-element antenna. The existence of a vortical polarized 
component is minimized by the use of vertical wire members which connect the ends 
of adjacent bays. At any given instant, the current in two of these members will be 



Fio. 23-3. FM cloverleaf multibay feed 
details. 
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flowing up and the current in the other two will be Slowing down, thus canceling out 
any vertically polarized component. 

Since all elements are connected directly to the same feeder, it is necessary to provide 
impedance transformation only at the base of the antenna to match the feed system to 
the transmission line. The impedance transformation in this particular antenna is 
accomplished by the use of a low-loss transformer which utilizes two enlarged sections 
of the feed line and the antenna structure to provide an impedance match from 60 to 
100 ohms. In addition, a quarter-wave stub is inserted at the lower end of the antenna 
feed line to provide second-harmonic Altering. The antenna can be adjusted for a 
VSWR of less than 1.5 over three FM channels. 

Since all radiating elements are interchangeable, it is relatively simple to replace a 
damaged element. The simplicity of the feed system and the lack of r-f insulators or 
dielectric materials minimizes the maintenance and provides full protection against 
lightning surges. This antenna requires a higher power transmitter to obtain radi¬ 
ated powers in excess of 200 kw, since the maximum power gain is 4.7. 

23.4. FM SLOTTED-CYLINDER ANTENNA 

The FM slotted-cylinder antenna is based on the principle of a simple loop of wire 
carrying an electric current. This antenna is merely an injfinite number of these loops 
stacked on top of each other and connected in parallel. This stack of loops takes the 
form of a cyhnder approximately a wavelength long and a half wavelength in cir¬ 
cumference. The termination of these loops 
takes the form of a slot running the full 
length of the cylindrical element. This slot 
is fed at the center and shorted at each end, 
thus taking the form of an open-wire trans¬ 
mission line. The voltage distribution takes 
the form of the familiar sinusoidal pattern 
with voltage minimum at the center and 
each end. 

Since the slot is an open-wire transmission 
line, the currents flowing along the oppo¬ 
site edges of the slot are out of phase and 
therefore cancel the vertically polarized com¬ 
ponents of radiation. The slotted-cylinder 
antenna shown in Fig. 23-4 radiates hori- 
Fia. 23-4. FM slotted cylinder. zotttaUy polarized waves because of the cir- 

cumferential currents flowing around the 
cylinder. A single antenna element produces a moderate power gain because of the 
fact that the vertical aperture is a wavelength long. 

It is common to stack a number of these elements to obtain increased horizontal 
gain since the power gain of a single element is approximately 1.5. An eight^ectioii 
antenna will have a power gain of 12. When stacking two or more elements, it is 
necessary to provide interconnecting feed lines to the center of each slot so that 
voltages equal in phase and magnitude are fed to each slot. Tlie main feed line and 
all portions of the harness are completely enclosed in the antenna; therefore they arc 
completely protected from the weather since the slot is normally covered with a strip 
of polyethylene. It is necessary to change the interconnecting harness when using 
the antenna on a frequency other than the one for which it was designed. The harness 
contains the necessary matching and dividing stubs so that the input resistance is 
approximately 50 ohms and the VSWR is less than 1.5 at any desired frequency from 
88 to 108 Me. 
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TnKe beamwidth of the resulting vertical patterns varies from 24° for a two-element 
antenna to 6° for an eight-element array. The circularity of the horizontal ^lataon 
pattern (radiated field) is within ±2.5 db for aUfrequencies from 88 to 108 Mo. The 
maximum radiation occurs in the direction of the slot, and the minima are located 
approximately 45° from the side opposite the slot. .^ . 

A slotted-cylinder antenna has the advantage of providmg high gain for a min i m um 
aperture with gain figures approaching those obtained from a square-loop away. It 
hL the further advantage of having a smooth outer smface which minimizes wind 
resistance and loading. The wind loading for an eight-eleinent anteniia 108 ft in 
heieht is 218,000 Ib-ft. ML connections to the antenna are made from the inside of the 
evlLder where they wfil be protected from the weather. Icmg has a negligible effect 
on the rkdiation patterns and the VSWR since the slot is covered. 

It is difficult to replace portions of the interconnecting harness in the event of f^ure 
of any piece, since this is mounted inside the cylinder and it must be completely 
removed for servicing. There are no provisions for emergency operation m the event 
of failure of any portion of the radiating system. 

28.6. MULTI-V ANTENNA 

The multi-V antenna has been designed especially to mount on the side of 
towers which are used for standard broadcast radiators or TV supporting tow^. The 
multi-V antenna array consists of a number of V elements stac^d vertically to provi e 
power gain in the horizontal plane and vertical directivity. The resultmg honzontal 
LdiatiL pattern is essentially omnidirectional. The pattern remains 
circular when side-mounted on a tower having a uniform cross section with 2 ft on 

^ ^-^e bays, or V’s, are so designed that the input impedance of each pair is 50 ohms, 
enabling them to be fed by standard coaxial transmission lines. The f^d system 
enables^^an even number of bays from two to eight to be employed to obtmn power 
(,«ina ranging from 1.6 to 7.3, with a power ratmg of 10 kw. The design is su^ that it s 
Lcessary to tone the antenna at the factory for the desired frequency, ^o models 
TeaTiray are necessary to cover the FM band; one model tunes from 88 to 98 Me 
and the second model covers the band from 98 to 108 Me. 

VSWR of less than 1.10 at the operating frequency with a VSWR of leas than 1.20 

over a band of approximately 0.80 Me. ^ ^ f-nTn 7n for & 

The multi-V antenna is a lightweight structure ranging in weight from 70 lb for a 

two-bay array to 365 lb for an eight-bay array. It is very simple, with one feed p^ 
per bay and a maximum of four power-dividing elements for an eight-bay array. The 
radiating elements are grounded for maximum Ughtning protection. . 

This array has the disadvantage of requiring tuning when utilized on a cy 

L o.. for whkh i. ... m lor 

high-power installations since the maximum mput power is hmited to 10 xw. 

23.6. CIRCULAR AND RING ANTENNAS 

The circular and ring antennas are different adaptations of 
in a circular arrangement. Essentially, the circular antenna is a folded 
dipole bent in a circular form with capacitator plates attached to ^ 

Pig 23-5. Adjustment of the size of this end capacity serves to provide adjustment t 

resonance at any frequency within the frequency range of 

The development of the circular antenna is shown in Fig. 23-6, wMch shows the cw 
renTliSution for a standard folded dipole, a folded dipole concenteated end 

■ rapacity,andacircularantenna. It is to be noted that the current distribution in the 


in 

to 
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circular antenna is essentially constant, yielding a very nearly uniform radiation 
pattern. The antenna is fed at the ground potential point G, without insulation, thus 
protecting the transmission line from lightning. The adjustable capacitor is con¬ 
structed of a heavy mycalex plate with conducting plates on each side. This reduces 
its susceptibility to capacity change due to a collection of snow and ice. 

Even numbers of elements can be stacked to obtain increased horizontal gain. 
Optimum spacing is one wavelength, which also is desirable from the standpoint of 
phasing of the current in the individual 
elements. The gain of the circular antenna 
varies from 0.79 for a one-element antenna 
to 7.24 for an eight-bay antenna. Low 
mutual impedances exist between adjacent 
bays of a multielement array since the 
radiation is relatively low in a vertical direc¬ 
tion. For all practical purposes, matching 
systems designed for a single bay are usable 
for multiple-bay systems, and the adjust¬ 
ment of individual elements to resonance 
becomes a simple matter. The antenna 
matching system can be tuned so that the 
VSWR is less than 1.5 over a band of 
approximately 1.0 Me. 

The radiating elements, matching units, 
baluns, and supporting pole vary in weight 
from 810 lb for a two-bay antenna to 6,300 
lb for an eight-bay antenna. The two-bay 


FOLDED ANTENNA 



END CAPACITY ^DED 



Fig. 23-6. FM circular-antenna details. 


ELEMENTS BENT INTO CIRCLE 
Fig. 23-6. Development of FM circular 
antenna. 


tower-mounted antenna has a length of 32 ft above the top of the tower. An eight- 
bay antenna would extend 82 ft above the tower top. These antennas are essentially 
designed for lower power installations since the maximum power-handling capabUity 
is 10 kw. 


TV TRANSMITTING ANTENNAS 
28.7. SDPERTURNSTILE ANTENNA 

The antenna which has become the most popular for VHF television broadcasting 
purposes is the superturnstile, or batwing, antenna. This antenna came into extensive 
use with the opening of the commercial television broadcasting field in 1948. At the 
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present time, over 76 per cent of the antennas used for VHF transmitting purposes are 
superturnstiles. 

The superturnstile antenna radiator consists of a welded framework of steel tubes 
in the form of a batwing. Four of these are mounted around a tubular steel pole at 90° 
intervals. This configuration is referred to as one-bay. The antenna radiators are 
a development of the standard dipole, which essentially is a narrow-band device. If 



(b) Id) 

Fro. 23-7. Drwdlopinont of TV HUp<5rtiirnBtilc antenna. 


the arms of the dipole arc enlarged at the end or madc^ (^one-«hap(^d (Fig. 23-7a), the 
bandwidth is greatly increased, with no sacrifice in th(i radiation. It is possible to fur¬ 
ther increase the bandwidth of th<i antenna by paralleling two (piarter-wave stubs at 
the feed point as shown in Fig. 23-76. In order to give still better bandwidth char- 
actoristi(is, the cone-shaped arms are changed to solid sheets from the tip of the radiator 
to the stub, as shown in Fig. 23-7c. This combination yields a bandwidth of 35 per 
cent, with a VSWll of 1.1 or less. The current distribution expected from this con- 
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figuration, is also shown. The outside edge of the sheets are notched (Fig. 23-7d), in 
order to obtain a more uniform current distribution and still retain the desired band¬ 
width. An antenna having solid sheets of material for radiators would offer high 
wind loading and diflB.culty in mounting. In order to overcome these difficulties and 
stiU maintain the bandwidth, the shape shown in Fig. 23-7d is maintained and a suffi¬ 
cient number of horizontal bars are utilized to provide essentially the same electrical 
characteristics. 

The impedance at the center of the radiator is approximately 75 ohms, thus allowing 
each radiator to be fed by a standard coaxial line. This low impedance means that 
ordinary icing conditions have little effect upon the operation of the antenna. The 
radiators are mounted on the pole by clamps at the top and bottom of each radiator, 
thus affording lightning protection. 

The four radiators in each bay are fed in opposite pairs in order to improve the 
circularity. In addition, the pairs are fed in phase quadrature, commonly referred to 
as turnstiling. This requirement demands that the antenna be fed by two transmis¬ 
sion lines, which must be kept electrically similar in order to ensure the proper current- 
and-phase relationship. 

The gain of a single-bay supertumstile antenna is approximately unity in comparison 
with a dipole. In order to obtain the effective radiated powers permitted by the 
Federal Communications Commission, it is necessary to stack bays vertically to obtain 
vertical directivity and horizontal power gain. The most commonly used antennas 
by television broadcast stations are the 6- and 12-bay units. The 6-bay antennas arc 
commordy used by stations operating on Channels 2 to 6, and the 12-bay antennas by 
Channels 7 to 13 stations. Standard 6-bay antennas have a power gain of from 5.9 to 
6.6, and the power gain of- a standard 12-bay antenna varies from 11.9 to 12.9, depend¬ 
ing upon the channel for which the antenna is designed. 

It is common practice to feed equal power to all bays for antennas having six bays or 
less. The pairs of radiators are referred to as north-south’^ and “east-west” to 
denote the two groups of radiators which are fed by separate transmission lines. In 
antennas with six bays or less, in-phase current is fed to each north-south bay. Like¬ 
wise, in-phase current is fed to each east-west bay. The resulting vertical patterns 
have a first null, which occurs approximately 8° below the horizon. Generally, this 
null does not present any problems since the low-signal area resulting from this null 
falls at a distance of 1.3 miles from the base of a 1,000-ft tower and 2.7 miles from the 
base of a 2,000-ft tower for a six-bay antenna. For antennas with fewer numbers of 
bays, the null area would fall closer to the tower. 

Higher-gain antennas with 12 bays present problems because of the deeper nulls in 
the vertical radiation pattern. These nulls go to a complete zero if equal power is fed 
to each bay. In order to fill in the nulls closer to the horizon, it is common practice to 
feed 70 per cent of the power to the top six bays and the remaining 30 per cent power 
to the lower six bays. The power fed to each half of the antenna is then fed equally 
to the individual bays. Null fill-in can be accomplished by further power division and 
phasing between the various individual bays. Figure 23-8 contains vertical-plane 
plots of relative radiated fields from three typical 12-section superturnstile antennas. 
The effect of power division and phasing can be seen by examination of the various 
curves in Fig. 23-8. Power division and phasing in order to obtain null fill-in serve to 
lower the gain of the antenna in the horizontal plane. The typical antenna used as an 
example in Fig. 23-8 has a power gain of 12.2 for 50:50 power split. When the power 
is split 70:30, the power gain is reduced to 11.7. The gain is further reduced for the 
third condition shown on Fig. 23-8 and is 9.8. 

The depth and position of the nulls in a 12-bay pattern are important since the low- 
signal areas might possibly fall in areas of heavy population concentration. For a 12- 
section antenna mounted on a 1,000-ft tower, the first null area would fall at a distance 
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of 2.6 miles from the tower base. This distance would increase to 6.2 miles for a 
2,000-ft tower. 

Six-section antennas have two main feed lines which run from the center of the 
antenna to the top of the supporting tower. It is possible to connect the transmitter 
output to the two antenna feed lines by several methods. The standard method is to 
feed the outputs of the aural and visual transmitters through a bridge diplexer. The 
output from the diplexer is fed through two transmission lines to the antenna input. 


CHANNEL 10 



ANGLE OF DEPRESSION DEGREES 

Fta. 23-8. Typical vortical radiation patterns for 12-bay superturnstilo antennas. 

This method allows for cnH^rgency ()p<Tation in case one of the main feed lines fails, 
since one feed liiK^ is connec.fed to the nortli-+joutli bays and the other lino to the east- 
west hays. The? n^sult.ing (unerg(uiey radiation patU^rn has a figure-eight shape. A 
second method of f(«^ding a Hix-sc^c.tion antenna utilizes a notch-type diplexer. The 
output from this diph^xer is <u)nnected to a single transmission lino which runs up the 
tower. This line is then conne<*.ted to the twin antenna lines through a combining T. 
This typo of feed does not allow for any cmorgoncy operation. 

The r2-He(jt»ion antenna ofTers a largo number of methods of feeding, since four feed 
lines are utilized in the antenna. The normal method of feed uses a bridge-type 
diplexer and two feed lines running up the tower similar to the six-bay antenna. Each 
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feed line up to the tower is connected to two antenna feed lines through a T. Emer¬ 
gency operation is provided through the use of a single line resulting in a figure-eight 
radiation pattern. Figure 23-9 shows the details of this method of feeding a 12-scction 
antenna. A further method shown in Fig. 23-9 involves the use of four feed lines 
running up the tower and a bridge diplexer. In this case, the output from each output 
terminal of the bridge diplexer is fed to a combining T and two lines run up the tower to 
the north-south bays and two lines run to the east-west bays. This method of feeding 
is practical where the length of transmission line is comparatively short. If one 
transmission fails, the line can be disconnected and replaced by a dummy load. The 
power fed to one set of bays will be unaffected, since no changes will be made in these 
lines. One-half of the power fed to the other set of bays will bo absorbed in the dummy 
load, and the remaining power will be fed to the bays. The resulting radiation pattern 
will be normal in two directions and only slightly reduced in the other two directions. 



Fig. 23-9. Feed systems for 12-bay super- Fig. 23-10. Feed systems for 12-hay super- 
turnstile antenna using bridge diplexer. turnstile antenna using notch diplexer. 

It is also possible to feed the 12-section superturnstile antenna using a notch-type 
diplexer. With this type of diplexer, which has a single-line output, it is possible to 
feed the antenna with either one or two lines as shown in Fig. 23-10. The first method, 
employing a notch diplexer, utilizes a single feed line to connect the diplexer to the 
antenna. This method of feed does not provide for any means of emergency service; 
therefore a separate antenna and transmission line are necessary if emergency facilities 
are desired. The second method, using a notch diplexer, employs two feed lines 
between the diplexer and antenna as shown in Fig. 23-10. This method allows 
for emergency operation since the upper and lower sections of the antenna are fed by 
separate lines. In case of emergency, the output of the diplexer is fed through the 
good transmission line. The resulting radiation pattern has the same shape as the 
main pattern but with reduced power. 

The superturnstile antenna offers a convenient means of obtaining maximum effec¬ 
tive radiated power for VHF television broadcast stations. It is possible to obtain the 
maximum power of 100 kw for stations operating on Channels 2 to 6 with an antenna 
having five or six bays and a 25-kw transmitter. For the high channels, Channels 7 to 
13, it is necessary to utilize a 12-bay antenna and a transmitter having a power output 
in excess of 25 kw in order to obtain an effective radiated power of 316 kw. These 
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antennas offer several means of providing emergency operation in case of partial 
antenna failure or transmission-line failure. The VSWR measured at the antenna is 
less than 1.1 across the channel for which it is designed. 

A disadvantage of the superturnstile antenna is the multiplicity of connections 
required in the antenna. Four points of connection are required at each bay, one to 
each batwing. This multiplicity can result in substantial repair time in case of trouble 
with the antenna. 

28.8. “SUPERGAIN” ANTENNA* 

Recognizing the need for a high-gain VHF antenna which could be stacked for use 
by several broadcast stations, the “supergain” antenna was designed and is com¬ 
mercially available for all the VHF channels. This antenna was also designed with 
the possibility of providing a directional radiation pattern if desired. The supergain 
antenna was designed to mount directly on the faces of the supporting tower structure. 

Since batwings do not have a satisfactory impedance characteristic with frequency 
when mounted in front of a screen or tower face, a different type of radiator was neces¬ 
sary. The final design consists of dipoles mounted in front of reflecting screens. 
It is necessary to modify the shape of the conventional dipole in order to obtain 
a bandwidth so as to match the feed line over the 6-Mc channel. The resulting 
bandwidth of the supergain antenna is considerably less tham that of the super- 
turnstile. The VSWR is less than 1.1 over the channel for which the antenna is 
designed. 

Figure 23-11 is a sketch showing the supergain antenna mounted on the faces of a 
four-sided supporting structure. The reflecting screens are used to keep radiation out 
of the tower structure to prevent changes in 
the impedance over the channel width due 
to coupling to objects within the structure. 

The dipoles and associated screens are 
stacked in layers in order to obtain the 
desired value of horizontal power gain. 

The power gain of a single layer is approxi¬ 
mately 1.2. The vortical separation of 
adjacent layers is slightly less than one 
wavelength from one dipole to the next 
dipole. In order to reduce the interference 
between dipoles on adjacent sides of the 
tower, it is necessary to limit the side 
dimension to one-half wavelength. A larger 
side dimension results in diffieulty in obtain¬ 
ing an omnidirectional radiation pattern. 

The width for a Channel 2 antenna is 1) ft; for a Channel 13 antenna, 2J^ ft. 
Additional screens are placed bcjtwoen adja<5ent sensens and elements in order to 
reduce the coupling between adjacjcnt dipoles. 

For an antenna having an omnidirectional pattern, four dipoles are equally spaced 
around a scpiare tower section. A number of dipoles are stacked vertically to obtain 
the desired pow(^r gain in the horizontal plane. The north-south and east-west bays 
are fed in quadrature like the hays of a superturnstile antenna. Equal lengths of feed 
line are used to coniuu'.t each junction box to the desired dipole elements. Provision is 
made to obtain null fill-in and beam tilt by adjusting the magnitude and phase of the 

* The name “ suixTgaiti ” as used here is a trade naJne and does not connote the meaning 
of supergain as diHeuHH<‘<l in Chap. 2. 



Fro. 23-11. TV Buporgain-autonna de¬ 
tails. 
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current fed to the individual bays. The use of a bridge-type power equalizer allows 
the antenna to be fed with a single coaxial feed line. 

It is possible to obtain various horizontal radiation patterns using the basic super- 
gain antenna design. Radiators may be placed on any of the faces of the tower and 
thus provide several combinations of directional patterns. Each screen and radiator 
can be considered to have the same horizontal radiation pattern as that from one side 
of a dipole antenna. Different directional patterns can be obtained, depending on the 
number of radiators placed horizontally around the tower and also upon the amplitude 
and phase of the current fed to each radiator. 

The supergain antenna is adaptable for multiple-antenna installations where it is 
desired to utilize a single supporting structure. Since the antenna is mounted around 
the sides of the tower structure, a number of antennas can 
be mounted on the same tower and an FM antenna or 
another television antenna can be mounted on top of the 
tower structure. 

It is possible with this antenna to obtain power gains of the 
order of 20 for an omnidirectional pattern. With such a gain, 
it is possible to obtain the maximum radiated power of 316 
kw for Channels 7 to 13 with a 25-kw transmitter. 

The supergain antenna offers the advantages of high gain, 
directional possibilities, and ease of utilization for multi¬ 
antenna installations. With this antenna it is necessary to 
design the top section of the tower to be part of tho antenna. 
Since only one transmission line is used, there is no provision 
for emergency operation. 

TOINT 28.9. HELIX ANTENNA 

The helix antenna was developed to provide an antenna 
with a minimum number of feed points and a simple mechan¬ 
ical construction. The antenna consists of a tubular mast 
around which are wound helices as shown in Fig. 23-12. The 
mast is mainly used as a supporting structure but also acts 
as a ground plane for the helices. Two traveling waves are 
propagated along the helices at the feed point. Each helix 
acts like a single wire above a ground plane. The spacing 
between the mast and helix was chosen so that there is a 
considerable amount of radiation per turn. Each helix is 
approximately five turns with the diameter and pitch, depend¬ 
ing on the frequency. Each turn is an integral number of 
wavelengths so that the currents at a given azimuthal angle 
Fig. 23-12. TV heli- are in phase. A high-gain array is achieved by stacking a 

cal-autonaa details. number of smgle-bay antennas along a mast. Tho power gain 

per bay is approximately 4. 

In order to cancel the vertical radiation component due to the helix pitch angle, a 
right- and left-hand helix are used in each bay. The helices are placed end to end and 
are fed at a common point. The resulting feed-point impedance is approximately 
100 ohms. The individual bays are coupled to the inner conductor of the feed system 
by a probe, which is adjusted to give the proper percentage of the power fed to the 
antenna system. Stub adjustments and matching sleeves on the inner conductor are 
available to give the proper impedance match. The impedance can be adjusted to 
give a VSWR of less than 1.1 over the desired channel and loss than 1.2 over the first 
adjacent channels. 
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The antenna is end-fed, requiring a series feed arrangement for multibay systems. 
The feed system is of the coaxial type, with the supporting mast acting as the outer 
conductor. The inner conductor is shorted to the mast at a point one-quarter wave¬ 
length below the antenna input and at another point one-quarter wavelength above the 
top bay’s feed point. This arrangement gives mechanical stability to the feed system 
and provides r-f isolation. 

This antenna provides a means of obtaining high gain with a minimum vertical 
aperture. A six-bay helical antenna for Channel 12 would have a gain of approxi¬ 
mately 24 with an over-all length of about 100 ft. The antenna can also serve as a 
support for another television antenna. The present design of this antenna requires a 
mast having a substantial diameter, which means high wind-loading and dead-weight 
factors. 

23.10. SLOTTED-RING ANTENNA 

In an effort to provide high antenna gain on the high VHF Channels 7 to 13, a 
slotted-ring-type antenna has been developed and used successfully. This antenna 
provides high gain with a simple feed system and a minimum over-all length. 



The antenna is baHi(‘.ally a balanced trauHmisHit)u line shunted by a number of small 
loops or rings. Ct)nHi<l(ir Fig. 23-13, which is such a line, short-circuited at both ends. 
The system is center-fed, and a wave propagates from this point toward both ends 
of the line. Reflection from the short-circuited points sots up standing waves, with the 
resulting potential difTerence between the conductors of the balanced line distributed 
as shown by the dotted line. Since the apparent electrical length from the feed point 
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to either short circuit is approximately 0,4 wavelength, the phase of the potential 
difference is substantially constant. The over-all length of this system is 1.5 frce- 
space wavelengths and is known as a half bay. 

Circumferential currents are caused to flow in the shunting rings because of the 
potential difference between the balanced conductors. The resulting currents arc 
cophasal, and the system exhibits characteristics of a stackcd-loop array. At a point 
equidistant from the balanced lines, the currents are a maximum and the potential is 
essentially zero. These points of zero potential may be joined to a common member 
without distorting the radiation pattern. This member is used to support the 
structure. 

A novel feed arrangement is used to provide a larger vertical aperture, which could 
be excited by a single transmission-line feeder. A portion of the balanced conductors 
or rods and the supporting member are used as an outer conductor to propagate an 
approximately coaxial TEM mode to the center of the slot in conjunction with an 
exposed inner conductor. With this method of feeding, it is possible to mechanically 
join two half bays together and feed them in the center through a coaxial T. 

The impedance of each feed point is adjusted by the placement of the feed strap on 
the center ring of each half bay. If the exposed inner conductor is connected to 
the center ring at the point of attachment to the mast, the impedance will be zero. 
On the other hand, if the point of feed is adjacent to the slotted portion, the real 
component of the impedance will be approximately 70 ohms. The slot impedance 
can thus be transformed from any desired impedance from a few ohms up to 70 ohms. 

Individual bays are stacked vertically in order to achieve higher power gains. A 
rigid coaxial teflon transmission line is used to make up the interconnecting harness. 
Provision is made to divide the power unequally between bays and half bays in order 
to provide null fill-in. The input VSWR of the antenna system, including intercon¬ 
necting harness, is less than 1.10. Typical power-gain figures for this antenna are 8.0 
for a two-bay antenna and 20.0 for a five-bay antenna, both without null fill-in. Null 
fill-in would lower these figures slightly, depending on the amount of fill desired. 

A typical two-bay antenna weighs 3,700 lb and has an overturning moment of 38,700 
Ib-ft for a 50/33.3 Ib/sq ft wind loading. The corresponding figures for a five-bay 
antenna are 14,800 lb and 288,000 Ib-ft. 

It is possible to obtain a directional horizontal radiation pattern with this antenna 
by adding beamnshaping members to each alternate active ring of the antenna. The 
present design of these members uses small rectangular bar stock of various lengths. 
Typical directional-antenna arrays have maximum gains which vary from 5.0 to 7.2 
per bay, as compared with a gain of 4.0 per bay for an omnidirectional array. 

The slotted-ring antenna offers a convenient means of obtaining high power with 
relatively few feed points and a simple interconnecting harness. It is also relatively 
insensitive to snow and ice formations due to the low slot impedance. The antenna 
can handle high power due to the large components and teflon seals. Since the 
antenna is fed by only one line, there is no provision for emergency operation in case of 
transmission-line failure. 

23.11. TMANGTJLAR-LOOP ANTENNA 

Another antenna which was specifically designed for high power gain on Channels 7 
to 13 is the triangular-loop antenna. Each bay of the antenna is composed of three 
folded dipoles, each placed on a side of a triangular tower structure. The feed lines 
to the dipoles are connected to a common junction in the center of the structure. The 
magnitude of the currents fed to the individual elements is equal, and the currents 
are in phase. A matching element is inserted between the junction and the common 
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feed point in order to obtain a constant impedance of 60 ohms to each bay. This trans¬ 
former is variable and allows a final adjustment of VSWR of 1.05 or better for each 
bay. 

The gain of a single bay with respect to a dipole is approximately 1, and higher power 
gains are possible by stacking a number of bays vertically. The spacing between 
adjacent bays is 5 ft for Channels 7 to 13. This antenna presently is not used for 
Channels 2 to 6. A steel lattice is used for supporting the various bays. The size 
of this structure depends on the number of bays utilized. As an example, for 2 or 4 
bays the structure is 18 in. on a side. For a 16-bay antenna, four structural sizes are 
used, ranging from 18 to 12 in. on a side. 

In a multiple-bay antenna each bay is fed by a current which is equal in magnitude 
and phase to the current fed to all other bays. The feed system is simple and consists 
of equal-length lines from the main feed point to each loop. The lines are solid 
dielectric cables with teflon insulation, or, more recently, styrofiex cable has been used. 
If all the cables of a 16-bay array were tied in parallel at the junction point, the result¬ 
ing feed impedance would be approximately 3 ohms. An impedance of this value 
would be difficult to transform back to 50 ohms and still maintain a satisfactory VSWR 
over a television channel. In order to obtain a satisfactory VSWR, the individual 
lines are connected to a balun transformer which transforms in a ratio of 200/a, 
where n is the number of 50-ohm lines. A simple quarter-wave transformer in the 
balun transformer is used to obtain an input impedance of 50 ohms and a VSWR of less 
than 1.10 over a television channel. 

In a multiple-bay antenna, it is necessary to insert untuned isolation rings between 
pairs of loops in order to reduce the coupling effect between adjacent elements. With¬ 
out the isolation rings, there would be a variation in impedance over the video band¬ 
width, resulting in a high VSWR at the antenna input. 

As is the case with other high-gain television transmitting antennas, the radiated 
field in the first null of the vertical radiation pattern is almost zero, and consequently if 
the antenna is in an urban area, the resulting degradated signal area would be objec¬ 
tionable. It is possil)lc to fill in this null by changing the phase of the current by 90® 
in one bay near the center of the antenna. In order to obtain more null fill-in, more 
bays near the center may be phased by 90®. A typical example for a 16-loop antenna 
involves phasing the seventh, eighth, and ninth loops from tlie bottom by 90°. This 
reduces the horizontal power gain from 12.3 to 10.9 db. Beam tilt is accomplished by 
successively advancung the pluise of the current in the loops with height. This is 
convenient simje each feeder is a matched 50-ohm lino. The antenna element and 
lattice struc.ture range in weight from 430 lb for a two-loop array to 6,400 lb for a 16- 
loop array. The over-all height for a two-loop array is 10 ft and for a IG-loop array is 
80 ft. The overturning moment is only 113,000 ft-lb for a 16-loop array. 

The triangular loop array is a simple antenna from either the mechanical or electrical 
viewpoint. It is relatively light and offers a low wind-loading factor for the power 
gain obtained. Then^ is no provision in the unUmna for enu^rgency operation since 
only one transmission line is required from diplexcr to antenna and the feed lines for all 
loops are connected to a single balun. 

23.12. CYLINDER WITH MULTIPLE SLOTS 

The most popular transmitting antenna for UIIF television stations is the slotted- 
cylinder antenna. The need in UHF television is for an antenna which has a gain in 
excess of 25 since the inaxitnum authorized radiatcnl power is 6,000 kw. The slottcd- 
cylinder antenna is an outgrowth of the FM pylon antenna. 

Tlie antenna is of slotted-tubular-steel construction, as shown in Fig. 23-14. Each 
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radiating layer consists of three l-in.-wide slots equally spaced around the circumfer¬ 
ence of the cylinder. The slots are approximately 1.3 wavelengths long and are parallel 
to the axis of the antenna. Adjacent layers of slots are spaced vertically approxi¬ 
mately one wavelength apart, center to center. The adjacent layers of slots are 
rotated 60° in order to obtain mechanical strength and to provide essentially an omni¬ 


directional horizontal radiation pattern. 

The antenna is made with the number of layers of slots varying from 14 to 32 in 
order to obtain power gains varying from 20 to 55. The energy to feed the slots is 
distributed by means of a single coaxial-line feeder system within the slotted cylinder. 
The slotted cylinder serves as the outer conductor of a coaxial line, the inner conductor 
being a copper tube within the cylinder. Another coaxial line is 



installed within the inner conductor to obtain a method of center- 
feeding the antenna array. Each slot is excited by a tuned loop 
placed across the face of the slot. The slots are excited with equal 
in-phase voltages, and the resulting field is assumed to be uniformly 
distributed across the slot. The radiated field will be essentially 
horizontally polarized, with a small amount of vertical polarization. 

The power to the slotted cylinder is usually fed equally to the slots 
in the upper and lower halves of the antenna. In order to obtain 
null fill-in, power would be fed unequally to the various layers of 
slots. As an example, in an 13-layer antenna the power is normally 
fed 50:50 to the bottom eight layers and the top eight layers. In 
order to fill the vertical nulls, 50 per cent of the power could be fed to 
the top 10 bays and 50 per cent to the lower eight bays. More null 
fill-in could be obtained by dividing the power equally between the 
upper 11 bays and the lower 7 bays. It is possible to obtain elec¬ 
trical beam tilt of the main radiation lobe by varying the phase of 
the current fed to the upper and lower sections of the antenna. 



Fig. 23-14. Fig. 23-15. Typical UHF directional- 

TV slotted- antenna radiation pattern, 

cylinder de¬ 
tails. 


The simplicity of the feed system and the low impedance of the slot allow for 
establishment of a low VSWR across a 6-Mc television channel. A typi(;al slotted- 
cylinder antenna can be adjusted for a maximum standing-wave ratio of 1.05 over a 
particular channel. Polyethylene slot covers protect the slots from rain and the 
accumulation of ice and allow for the maintenance of a low VSWR. 
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By restricting the slots along certain sides of the cylinder, it is possible to obtain 
directional horizontal radiation patterns. Figure 23-15 shows a directional horizontal 
radiation pattern obtained with a slotted-cylinder antenna using one set of collinear 
slots. Null fill-in and beam tilt can be incorporated in a directional antenna by utiliz¬ 
ing the same methods employed for standard antennas. 

The slot antenna offers a convenient means of obtaining the high gain required for 
UHF transmitting antennas. These antennas have been manufactured and used with 
power gains up to 60. The simplicity of this antenna makes it relatively insensitive 
to ice accumulation. Since this antenna is fed by one transmission line, there is no 
provision for emergency operation without the installation of a separate antenna or 
feed line or both. 

23.13. FOUR-SLOT ANTENNA 

The four-slot antenna was designed to provide high gain and at the same time pro¬ 
vide a fairly uniform signal near the transmitting antenna. The vertical radiation 
pattern closely approximates a cosecant curve. 

The antenna consists of a vertical array of slot radiators propagating horizontally 
polarized waves. The physical construction of the antenna consists of four structural- 
steel tubes having an outside diameter of 4 in. arranged in a square with adjacent 
tube centers 5 in. apart. The tubes are shorted at intervals of one wavelength by 
weldcd-steel members. This construction results in a series of rings of resonant slots 
one wavelength long and spaced one wavelength apart. The physical structure is 
therefore also the radiation system. 

The complete antenna normally comprises two electrically identical sections consist¬ 
ing of 12 slots each. The two sections are center-fed by a standard 3 J^-in. coaxial line 
which runs up one of the 4-in. vertical tubes. A 1-in. tube runs up the center of the 
square formed by the vertical tubes. This center tube acts as the center conductor for 
the feed system for each 12-slot section. The individual slots of each section are 
tapped across this transmission line. Figure 23-16a is a cross section of the antenna at 
the feed point of a slot. Normally, each ring of slots is fed in phase. Figure 23-166 
shows a cross section of the antenna at a point where the slots arc shorted. A dielec¬ 
tric window is placed across tho slot openings in order to protect the electrical con¬ 
nections from tho weather. The impedance of the slots is adjusted by positioning the 
point of contact on the slot and the length of tho tuning reactance shown on Fig. 
23-16a. The impedance is adjusted to be real and to yield the minimum VSWR. The 
correct tuning is determined on a special test section of tho antenna cut to the desired 
fre(iuency. The ac^tual antenna is constructed without any variable adjustments, 
and tho entire structure weldc^d and then hot-dip-galvanizod. 

The resulting horizontal radiation pattern is essentially cinmlar. For an antenna in 
which equal in-phtise current is fed to all slots, the i)ower gain is 27.6, with tho locus of 
the maxima in the vorti(?al pattern following a cosecant pattern. In this pattern there 
are two deep nulls at (h^pression angles of 2.4 and 4.8®. In order to fill in these nulls in 
the vertical pattern, une(pial power distribution between tho top and bottom sections 
is utilized. The sectond null is filled by reversing tho phase of tho current fed to one 
ring of slots. The slot so choscni is near the middle of the structure in order to provide 
a field in-phase quadrature at the second null. Tho resulting power gain of such an 
antenna is 24. 

Tho main radiation beam can be tilted by advancing tho phase of the current fed to 
the top section of 12 slots. With the phase advanced by 00®, the power gain is reduced 
to 19 and the nulls arc fllkid in. 

The four-slot ant,enna is a simple mechanical and electrical structure, since all 
electrical connections are made at the time of manufacturing. As there are no append- 
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ages on the antenna, there is little opportunity for ice formation. The antenna is 
relatively lightweight, varying in weight from 2,820 lb for a Channel 14 antenna 
to 1,655 lb for a Channel 83 antenna. The overturning moment is likewise low, having 
a maximum of 34,700 ft-lb for Channel 14. 

AT FEED POINT 




CROSS SECTION OF ANTENNA 
Fig. 23-16. Cross sections of four-slot antenna. 

Since the antenna is pretuned, it is not possible to use a specific antenna for a fre¬ 
quency other than the one for which it was designed, without considerable expense. 
It is also difficult to adjust the antenna in the field for various amounts of null fill-in 
and tilt if it is found necessary to alter these after installation. 

23.14. UHF HELICAL ANTENNA 

This antenna has the same basic design as the VHF helical antenna described in 
Sec. 23.9. In UHF installations, it is sometimes desirable to utilize a directional 
radiation pattern in order to improve service in certain specified areas. A directional 
pattern can be obtained with a helical antenna by installing horizontal bars on the 
helices. These bars serve to modify the amplitude and phase characteristics of the 
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current flowing in the helices and thus result in a noncircular horizontal radiation 
pattern. This factor is especially important in UHF, where radiated power is pres¬ 
ently limited because of equipment limitations. 

23.16. PROBLEMS IN MULTIPLE-ANTENNA INSTALLATIONS 

It is advantageous to have a number of television stations share the same support¬ 
ing structure for their transmitting antennas. This results in a saving in the cost of 
the supporting structure and is also desirable in order to have all the receiving antennas 
in the area oriented toward only one installation and not several. It is common to 
utilize an existing building, such as the Empire State Building, or build a tower capable 
of supporting several antennas, i.e., the “candelabra” installation in Texas. 

There are numerous problems raised in connection with a multiple-antenna instal¬ 
lation. It is necessary to electrically isolate the various transmitting antennas so that 
they will not interact and the radiated signals from one antenna will not be picked up 
by another antenna with such a strength that the signals will provide cross-modulation 
products. Sometimes it is also desirable to use one of the antennas to transmit both a 
television signal and an FM signal. A problem which is frequently encountered in a 
multiple-antenna system is the question as to which station gets what physical position 
on the structure. Since height is an important consideration, the topmost position is 
most desirable. 

The best example of a multiple-antenna installation is the Empire State Building in 
Now York City. Mounted on the top of the building arc the main transmitting 
antennas of seven television stations, three FM stations, several microwave installa¬ 
tions, and a number of communication installations. The television transmitters on 
the Empire State Building operate on Channels 2, 4, 6, 7, 9, 11, and 13, and the FM 
transmitters operate on 95.5, 97.1, and 101.1 Me. In addition to the above antennas, 
several of the television stations maintain auxiliary antennas at this point. 

Originally, the mast on top of the building was built to accommodate the antennas 
for Channels 2, 4, 5, 7, and 11. The antennas for Channels 2, 5, 7, and 11 are of the 
supergain type, and the Channel 4 antenna is a supertumstile antenna. The power 
gain for the low-band antennas is approximately 4 and for the high-band antennas 
approximately 5. The FM signal for the station operating on 97.1 Me is triplexed on 
the Channel 4 superturnstile antenna. The four suporgain antennas and the one 
supertumstile antenna are mounted on a mast which extends 217 ft above the top of 
the Empire State Building. The Channels 2 and 5 antennas consist of five-bay super¬ 
gain elements, with the Channel 2 antenna mounted immediately above the top of the 
building. The Channel 5 antenna is the next highest antenna. The Channels 7 and 
11 antennas are mount(Ml next, and they are each six-bay supergain antennas. The 
Channel 4 four-bay superturnHtil<‘. antenna is mounted on top of the Channel 11 
antenna. Thc^sc antennas w(^re d<^Higned, U^stod, and mounted as a unit on the Empire 
State Building. 

When designing the m\dti<4(unont installation, it is necu^ssary to consider the cou¬ 
pling between the various antennas. The following speciluxations wore set up for the 
design of the Empire State ant(mnas: 

Coupling: — 2() db or h^ss l)<d.ween any two antennas 

Input voltage* standing-wave ratio: 1.1:1 over the visual band and 1,5:1 over the aural 
band 

Gain: P<)W(jr gain of 4 r(4ative to a dii)ole for Channels 2, 4, and 5 antennas and a gain 
of 5 for (flannels 7 ami 11 antennas 
Circularity: ±2 db 

Power handling: Possibility of transmitting lOO-kw ERP 
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It was necessary to test the various antennas completely before they were erected on 
the building. The various antennas were fabricated and placed on special test towers 
in order to adjust the impedance and measure the coupling between adjacent antennas. 
Tests on the antennas showed that the coupling requirement of —26 db was met in all 
cases. In fact, in most cases the coupling was less than — 40 db. The specifications 
with regard to power-gain circularity and VSWR were all met, with tolerance to 
spare. 

The FM signals for 95.5 and 101.1 Me are combined and diplexed on a single set of 
four supergain dipoles. These dipoles are mounted in the middle of the Channel 2 
array. This location was chosen because tests showed that it would have the least 
effect on the impedance and pattern characteristics of the various television antennas. 
The power gain of this FM antenna is 0.707 compared with a half-wave dipole. 

At a later date two more television antennas were added to the Empire State Build¬ 
ing. A special antenna was developed for Channel 9 and mounted around the circular 
parapet immediately below the mast on which are mounted the original five television 
antennas. This antenna consists of 24 bays of dipoles and parabolic rcficctors. 
Each bay consists of two dipoles and parabolic reflectors stacked vertically. The bays 
encircle the parapet and provide an essentially nondirectional horizontal radiation 
pattern. The maximum VSWR at the input of the diplexcr is 1.10 and occurs at the 
high end of the television channel. 

After the Channel 9 antenna was installed on the Empire State Building, tests were 
made to determine the amount of coupling between the Channel 9 antenna and the six 
other television antennas mounted on the building. The coupling is less than —65.0 
db between the main antennas at both the video and aural frequencies of WOR-TV 
(Channel 9). The coupling between this antenna and the auxiliary antennas for 
Channels 7 and 4 is less than —45 db. 

The seventh television antenna, Channel 13, on the Empire State Building is 
located on the four corners of the building below the observation platform. This 
antenna consists of V elements mounted on each comer of the building. Each section 
of the antenna consists of four sections. The resulting horizontal radiation pattern 
has a circularity of ±3 db. The coupling between this antenna and other anteimas on 
the building is less than — 60 db. 

Another method of multiple-antenna mounting consists of mounting several anten¬ 
nas on a triangular platform on top of a tower. This is commonly referred to as the 
candelabra antenna system, A triangular open-steel framework platform is con¬ 
structed on top of a tower, and a conventional television transmitting antenna can bo 
mounted on each corner of the platform. The first installation utilized one Channel 4 
six-section supertumstile antenna and one Channel 8 twelve-section superturiistile 
antenna. The third corner of the platform is counterbalanced with scrap steel. In 
order to make the beacon levels of both antennas the same height, it was necessary 
to add 10 ft to the Channel 8 antenna length. The platform is 80 ft wide across each 
side. 

Tight specifications were set up with regard to pattern circularity, pattern gain, 
coupling between antennas, and input VSWR. The entire platform and antenna 
structure were built to scale, and various measurements were made on this model. 
The measured horizontal radiation patterns showed a circularity of ±2 db for the 
Channel 4 antenna and ±3 db for the Channel 8 antenna vs. a specification of ±3 db. 
The gain of each antenna remained unchanged by the presence of the other antenna 
since measurements showed the vertical and horizontal patterns to bo unaffected by the 
other antenna. The coupling between antennas was required to be —26 db or Ic^ss. 
Measurements on the scale model showed the coupling to be less than —44 db for the 
Channels 4 and 8 antennas. The input impedance for each antenna showed a VSWU 
of bettor than 1.1:1. 
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23.16. MISCELLANEOUS ACCESSORIES 

The standard method of feeding the television signal to the antenna is to diplex the 
visual and aural carriers and feed them to the same antenna. Several different meth¬ 
ods are employed to accomplish this, which result in the utilization of one or more 
transmission lines to feed the antenna. 



Fio. 23-17. Schematic of typical bridge diplexer. 

The most common method of feeding the superturnstile type of antenna utilizes 
two feed lines and requires a bridge typo of diplexer. In this type of diplexer, the 
visual and aural signals are fed into the diplexer through separate transmission lines 
and two linos feed the antenna. The diplexer must couple these two signals so that 
they will be fed correctly to the antenna and must also provide a constant impedance 
to each transmitter. Figure 23-17 is a schematic of a typical bridge diplexer. The 
diplexer and the antenna form a 'Wlioatstonc bridge with the visual and aural inputs 
balanced so no cross-coupling exists between the two transmitters. This type of 


CAVITY 



diplexer is easy to constnud. and has no critical adjustuuMits which must be made in 
the field and c.lu'cked regularly. 

A H(^cond <lipl(‘x(*r which in commonly uHe<l is the notch type. This diplexer is gen¬ 
erally used with UIIF antcuinas and also VIIF ant<mnas other than the siiperturnstile. 
With the iioUdi diplexer, only omt transmiHsion liiu^ is needled to food the antenna, as is 
shown in Fig. 23-18. The visual input connects through the bahins on either end 
of the dipl(‘xer to the anhama. Aural modulation <tomponents which are 4.f) Me above 
th(‘ visual <^ar^i(‘^ ar<i fed to tlu^ diph^xer and are reflecded by the two cavities and 
returned to the terminating n^sistor which absorbs them. The aural energy cannot go 
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through the right-hand balun; hence it travels to the left along the two transmission 
lines and is reflected by the cavities. It then returns to the right-hand balun and goes 
to the antenna. The physical design of this type of diplexer varies from manufacturer 
to manufacturer, but the electrical characteristics are similar to those described above. 
This type of diplexer is usually used with the supergsdn, triangular-loop, helical, and 
slotted-ring-type antennas. 

It is necessary in the transmission of the visual portion of the television signal to 
shape the signal to meet the requirements of the Federal Communications Commission. 
The Technical Standards require the energy radiated at 1.26 Me below the visual 
carrier to be 20 db below the amplitude of the visual carrier. Furthermore, with a 
modulating frequency of 4.5 Me, the upper sideband amplitude must be at least 20 db 
below the visual carrier amplitude. Any radiation which is more than 3 Me above or 
below the edges of the television channel must be at least 60 db below the visual carrier 
level. This shaping of the visual signal is accomplished by several means. In trans¬ 
mitters which are modulated at low levels, the shaping takes place in the tuning of the 
coupling circuits between the various r-f stages. With transmitters whore modulation 
occurs in the last r-f stage, it is necessary to employ a vestigial sideband filter to shape 
the transmitted visual signal. This filter consists of a number of tuned circuits which 
provide the necessary attenuation to give the desired radiation. 

It is common practice in the UHF band to combine the features of the diplexer and 
vestigial sideband filter. This piece of equipment has been variously known as a 
“filterplexer,” or “filtrexer.** 

In order to meet the requirements of the Federal Communications Commission with 
regard to harmonic and spurious emissions, it is necessary to insert harmonic fi.ltcr8 in 
the output lines of present-day transmitters. The filters for VHF transmitters are 
generally inserted in the output line of each of the visual and aural transmitters and 
before the diplexer. The filter is designed to provide a broadband within the desired 
passband with a sharp high-frequency cutoff and high attenuation of frequencies 
above the passband. The VHF filter is commonly a scries of transmission lines with a 
uniform-diameter outer conductor, a stepped inner conductor, and a shunt stub. 

The UHF harmonic filters are generally inserted in the line after the diplexer, and 
one filter provides the necessary attenuation for both the visual and aural harmonics. 
The majority of UHF filters are of the bandpass type, with cavities used instead of the 
conventional lumped-circuit components. These filters give an attenuation of more 
than 60 db for all radiation more than 3 Me above the top limit of the desired channel. 

When transmitting color programs, it is necessary to compensate for various dis¬ 
tortions introduced in the video signal by the color receiver, vestigial sideband filter, 
notch diplexer, and various terminal equipment. At the present time, it is nectiswiry 
to insert special correction networks in the video circuit in order to meet the Fcd(sral 
Communications Commission color specifications. The notch-type diplexer intro¬ 
duces envelope phase distortion due to the high-frequency cutoff in the sound notch 
filter. The vestigial sideband characteristics cause envelope phase distortion in the 
low-frequency portion of the transmitted video signal. The distortion is compensated 
for by a unit which is commonly referred to as a phase equalizer. This unit contains 
high-frequency and low-frequency phase-equalization circuits, which are adjustable in 
order to correct for varying amounts of distortion. The individual circuits are con¬ 
trolled individually to obtain the desired amount of correction. 
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24.1. INTRODUCTION 

According to tlu^ i)n^Hent KCXJ frecpiency allocation for television broadcasting, 
there are two bands, the high and the low band, in the VIIF range and one band in the 
UHF range. The low ])and, which covers the frequeneies from 54 to 88 Me, has a 
bandwidth of 47.8 per cent with respect to a moan frcqiumcy of 71 Me; the high band 
covers frequencies from 174 to 216 Me, a bandwidth of 21.4 per cent with respect to 
105 Me; and the UHF band covers frequencies from 470 to 890 Me, abandwithof 
64.9 per cc^iiit with n^sptuit to 647 Me. The frequency allocation of individual VHF 
channels with their mean wavelength is shown in Table 24-1. 

Iku'.aiise of the dilhTene.e in propagation characteristics of television frequencies as 
compared with the standard broadcast band and also because of a severe requirement 
for picture reproduction fr<^e from distortion and interference, the receiving antenna for 
television presents a number of problems. 

* Formerly with Channel Master Corp., Kllonvillo, N.Y. 
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Table 24-1. Frequency Allocation of VHF Channels 


Band 

Channel 

Frequency, 

Me 

Carrier 

X„M in.* 

Bandwidth, 

Video, Me 

Audio, Me 

% of A* 

VHF: 

Low band 

2 

64-60 

66.25 

59.76 

207.6 

10.6 


3 

60-66 

61.25 

66.76 

187.6 

9.6 


4 

66-72 

67.26 

71.76 

171.2 

8.7 


6 

76-82 

77.25 

81.76 

149.6 

7.6 


6 

82-88 

83.25 

87.76 

139.0 

7.1 

High band 

7 

174-180 

176.26 

179.76 

66.73 

3.39 

8 

180-186 

181.25 

186.76 

64.64 

3.28 


9 

186-192 

187.26 

191.76 

62.49 

3.18 


10 

192-198 

193.26 

197.76 

60.68 

3.08 


11 

198-204 

199.26 

203.76 

68.76 

2.99 


12 

204-210 

206.26 

209.76 

67.06 

2.90 


13 

210-216 

211.26 

216.76 

66.46 

2.82 


* Xot mean wavelength of a channel, fm - mean frequency of a channel. 


The problems encountered may vary in diiBferent localities. A few of interest arc 
listed below: 

1. In the business section of a city, multiple reflections from tall buildings and struc¬ 
tures cause ghost images, although signal intensity is generally more than sufficient. 

2. In the fringe area, or in the valley, the signal intensity suffers a great deal from 
propagation attenuation, so that high antenna gain is the main requirement. 

3. Most fringe areas are located in between large cities, which usually are the sites of 
television transmitters; therefore cochannel or adjacent-channel signals may cause 
considerable interference to the desired picture reception. 

4. There are some areas in between large cities where different channels are in dif¬ 
ferent directions. It is then necessary to rotate the main lobe of the antenna by either 
mechanical or electrical means. 

5. In some areas the channels may be distributed in all bands, or may be in one or 
two bands. Since the frequency coverage of an antenna is usually widened at the 
expense of gain, it is generally desirable to use an antenna with only as much band¬ 
width as is necessary. 

Antennas of different types are manufactured in an attempt to solve some of these 
problems, but there is no ultimate solution. For example, an antenna with a very high 
gain will help to expand the service area and the old problem will be pushed to new 
areas. 

An area of field intensity (at synchronizing pulse peaks) greater than 6,000 ^iv/meter 
is considered primary service and 500 /xv/meter secondary service; beyond that is the 
fringe area. It is difficult to specify a required antenna gain for a given distance since 
the field intensity varies greatly both with time and terrain. Therefore an extensive 
survey of the field strength must be made before it is possible to estimate an average 
gain needed. A picture is generally considered acceptable if the signal input is about 
25 to 30 db over noise. 

A load resistance of 300 ohms is generally accepted as a standard for television 
receiving antennas. Since such an antenna usually covers a wideband, a perfect 
impedance match is impossible. Therefore it is more meaningful to define the gain of 
a receiving antenna with reference to the standard load, although the directivity of an 
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antenna is independent of the load. In other words, the gain of an antenna is the ratio 
of the power delivered to the standard load by the antenna to that delivered by a cer¬ 
tain reference antenna which is matched to the standard load. The standard reference 
dipole generally used is a tuned X/2 folded dipole with an input impedance of 300 ohms. 

Table 24-2 lists the dimensions of reference dipoles, for the VHF band, which consist 
of tuned X/2 folded dipoles having a nominal impedance of 300 ohms. The gflin 
figures in this chapter are given with respect to these reference dipoles, nnlft ag other¬ 
wise stated. 


Table 24.2. Length of a Tuned X/2 Folded Dipole 


2"_4 TUBING 


(o) VHF LOW BAND AND FM BAND 


CHANNEL 

2 

3 

4 

5 

6 

FM 

FREQ. MC 

57 

63 

69 

79 

85 

98 

e IN 

98D 

88.7 

81.0 

70.7 

65.8 

570 


IN GENERAL: |(1N)= 5.59//me 


(b) VHF HIGH BAND 


CHANNEL 

7 

8 

9 

10 

II 

12 

13 

FREQ. MC 

177 

183 

189 

195 

201 

207 

213 

i IN 

30.4 

29.4 

28.5 

27.6 

268 

260 

25.2 


IN GENERAL; ^ (IN)« 5.38/f„e 


The gain so defiined is called “working gain” by some authors. This value of gain is 
smaller than the gain duo to directivity because of the losses due to impedance mis¬ 
match and those due to ohmic and dielectric losses. 

There is no generally agreed upon tolerance on mismatch, but it has been a practice 
for some workers to allow about 3:1 VSWR for a high- and low-band antenna and 
about 2:1 for a single-band antenna. Broadband impedance-compensating tech¬ 
niques may reduce the mismatch loss but usually are not very practical for average 
home installations. 

The radiation pattern of an antenna is actually defined by a three-dimensional plot 
of the field intensity in every direction in space. For simple antennas the patterns in 
the principal planes, vertical and horizontal, are sufficient for calculating its directivity. 
But for some television receiving antennas, particularly those for multiband operation, 
skew lobes of considerable magnitude can exist and will not be shown in the principal 
plane patterns. In order to avoid the large effort required for a three-dimensional 
I)lot of the radiation pattern, the gain is measured by direct comparison with the 
standard reference antenna. It is well known that the radiation pattern of an antenna 
is the same for transmitting and receiving. Also, the radiation impedance of an 
antenna is ecpial to its internal impedance when it is used for receiving. For con¬ 
venience of discussion and measurement, the proixirtios of a receiving antenna are fre- 
(piently d(it(^rmined from those of a transmitting antenna. 

24.2. BROADBAND AND MULTIMODE DIPOLES 

A half-wave dipolci cut for the low band, say, Channel 4, has a radiation pattern 
similar to a cosine function, as shown in Fig. 24-1. At the high band, this same dipole 
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will be approximately 3X/2 long, and the pattern will be as shown in Fig. 24-2. The 
relative magnitudes of the front and side lobes depend upon the thickness of the dipole 
as well as its length. These side lobes indicate a lower forward gain and more stray 
pickup. Thus provision must be made so that unidirectional radiation can be main¬ 
tained in both modes. 



Fig. 24-1. Field pattern of a X/2 dipole. Fio. 24-2. Field pattern of a 3X/2 dipole. 

There are, in general, two approaches to the solution of a high-low-band antenna: 

1. Fat dipole. The variation of a dipole impedance is closely related to its thickness. 
It is generally true that the fatter and the longer the dipole, the smaller the VSWR will 
be over a given bandwidth; on the other hand, for too long a dipole, the higher-modo 
radiation pattern may split into multilobes. A compromise between impedance and 
pattern must be reached so that the dipole operates over the whole frequency range, 
namely, from 64 to 216 Me, including the FM band. 

2. Multimode dipole system. Since the ratio of the center frequency of the high 
band to that of the low band is 3:1, it is possible to design a system which opcriitos 
eflBciently on these two discrete bands. 

These principles, in one way or another, have been applied commercially to many TV 
receiving antennas. Each has its advantages and disadvantages. Although the 
structure of most commercial antennas makes a rigorous theoretical analysis impos¬ 
sible, it is possible to make a preliminary estimation of the antenna characteristics. 
The over-all performance remains to be studied and justified by experiments, so that 
the accuracy of experimental measurements is a decisive factor. 

Fan-type Dipole. It is known that as the antenna length increases to more than 
1.2X, the forward radiation begins to diminish rapidly and the side lobes begin to 
increase. If, however, the dipole is bent forward into a V 
as in Fig. 24-3, the forward radiation will be restore<l. 
The optimum angle $ of the V is a function of leg length in 
wavelength ^/X, as discussed in Sec. 4.4. For the present 
case, ^ = 0.75X at the high band, 6 should bo 114.5®, which 
gives a gain of 2.67 db over a X/2 tuned dipole. At the 
low band, where t = X/2, the optimum angle is 180® as 
expected. If 6 is made equal to 180° to favor the low 
band, the forward gain at the center of the high band will 
drop to —1.6 db for an infinitely thin dipole, about —3 

Fiq. 24-3. V antenna. db for a dipole made of ^-in. tubing, and to —5.5 db 
for a straight fan-type dipole. On the other hand, if 
d =» 114.5°, the loss of gain in the low band will be 1.65 db for a very thin dipole, 
according to the calculation, and from 0.3 to 1.7 db over the whole low band, a(?cording 
to the measurements as in Fig. 24-4. The same figure also shows the tremendous 
improvement of the high-band gain. From these curves, it is obvious that a fan 
dipole tilted forward by approximately 33° is a very favorable compromise. 

In fact, the fan dipole is essentially a parallel combination of two or more ordinary 
V dipoles in such a way that at one end they are connected together and at the other 
end spread out like a fan. It is well known that a strictly parallel combination of two 
closely spaced dipoles is effectively equivalent to a fat dipole whose radius is the 
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(«) 




W (c) 

Fm. 24-4. (a) (Jain of a fan ilipolo. (ft) Irapodanoc oharactorititics of a fan dipole, (c) 
Field pattern of a fan dipole at Channel 10. 
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geometrical mean value of the radius of the individual dipole and the spacing between 
them. Although such a simple relation does not apply to the present fan dipole, the 
effect is similar. For example, the fan dipole in Fig. 24-4, which consists of J^-in. 
tubing separated by 14 in. at the end tips, is approximately equivalent to a fat dipole 
made of 2.7-in. tubing. The advantage of using multiple conductors in saving mate¬ 
rial is evident. 

Figure 24-46 and c shows the measured impedance characteristics and field intensity 
pattern of such a tilted fan dipole. In the low band, the pattern is essentially that of a 
half-wave dipole as in Fig. 24-1 except that the nulls are filled in. 


131/2 131/2 

n • 


H 28 H 


(a) 


28H 


“'3/8"D. 



Fig. 24-6. (a) Collinear dipolo. (6) Impedance characteristics of c.ollinoar dipolo. 


To improve the gain in the low band, a reflector 107 in. long spaccul IK) in. from the 
dipole can be added. Since the fan dipole itself is unidirectional in the high band, 
the reflector has negligible effect in this frequency range. 

The physical aperture of this dipole is larger than other types, which will be discussed 
later. Like conventional V-type antennas, in the high band it has few minor lobes. 

Collinear Dipole. An array of collinear X/2 dipoles with phase reversing stubs is 
known as a Franklin antenna. Since the ratio of the center frequency of the high 
band to that of the low band is approximately 3:1, three half-wave collinear dipoles 
with two X/4 stubs are used, as shown in Fig. 24-5(a). For the low band it will oper¬ 
ate approximately as a straight dipole of a length longer than X/2. A true three-half- 
wave collinear dipole has excellent gain and directivity, 3.2 db over a tuned X/2 diiK)le, 
a half-power beam width of about 34°, and an impedance of 300 ohms. However, in 
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the present arrangement, the X/4 line stub for reversing the current in the outside por¬ 
tion is not perfect. In the first place, it is frequency-sensitive ,* in the second place it is 
imbalanced, so that it not only radiates but also introduces out-of-phase current in the 
outside elements; thirdly, there is a coupling between the center and outside elements. 
All these effects reduce the bandwidth; nevertheless, experiments show that the high- 
band performance in general is satisfactory. However, in the low band, the perform¬ 
ance is rather poor, because, first, the low band has a much wider bandwidth; secondly, 
the antenna is considerably longer than X/2; thirdly, and most important of all, it is 
a very thin antenna even if a %-in. rod is used. Measurement shows that the antenna 
has a VSWR of over 10:1, as seen in Fig. 24-5(6). The impedance characteristics are 



Fio. 24-6. (a) Full-wave dipole. (6) Impedance characteristics of full-wave dipole. 


SO widely spread that compensation by networks and transmission lines is almost 
impossible. If two such dipoles arc connected in parallel at a close spacing so as to 
form a fat dipole, it can bo expected that the impedance will be greatly improved. 

Full-wave Dipole. A full-wave dipole has been used commercially in the high 
band as a basic clement. One advantage of this typo of dipole compared with the 
collinoar dipole is that a much thicker conductor can bo easily used since it has a 
straight uninterrupted structure. Thus even in the second mode the impedance 
is reduced to about 1,000 ohms. As for the low band, it is far less than X/2, and conse¬ 
quently it is highly capacitive. To compensate this reactance a short-circuit stub 
can be connected in parallel with the dipole as shown in Fig. 24-6(a). However, the 
length of the stub must be limited to a quarter of the high-band wavelength, in order to 
reduce its shunting effect at the high band. Since the length of the stub is almost 
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(a) 






fixed and is also a hig-h-Q circuit, it is rather frequency-sensitive. Because of this and 
the fact that the dipole is too short, the result is a very poor impedance characteristic 
even for a rather fat dipole, as shown in Fig. 24-6(6). The radiation pattern in the 
high band is essentially that due to a full-wave dipole. 

Dipole with Whiskers. As mentioned 

> I4"X previously, a dipole a half-wave long at the 

-- TUBING .^^^2 at the high band. 

^ -1^ » 1 1. > 1 3 o“—I It is the out-of-phase current in the center 

^ 18" ' 18"' portion which causes a split of the radiation 

Co) pattern. A pair of whiskers^ can be used 

to correct such a situation, as shown in Fig. 
24-7. It is known that at the junction of a 
network of wires, not only the continuity of 
currents is preserved, but also their dcriva- 
30 tives with respect to the linear dimension of 

the wires. If the whisker is cut to X./4, the 
0 175 MC derivative of the current at the junction will 

be zero. Thus, if the junction is not X/4 
330 (or its odd multiple) from the end of the 

dipole, the current in this portion will l>e 
270 comparatively negligible. In Woodward’s 

90 original dipole, the whisker is placed at 

• approximately X/4 from the food terminals 

IQ and X/2 from tho cud; then in the high band 

it operates close to a full-wave dipole with a 

0 195 MC "VSWR of about 4:1. 

As for the low-band operation, tho whisker 
53 Q is too short (about X/IC to X/10 long) to 

have significant effect, and therefore it is no 
more than just a simple dipole. One evident 
drawback of this dipole (as originally sug- 
I gn,---gested) is that the bandwidth in the low- 

->^\ band operation is very much limited. A 

much thicker conductor may be used to 
improve the bandwidth, hut the clTcctiv<‘- 
JJjo 215 MC ness of the detuning whisker in the high 
band is reduced. 

“Tiipole.*^ It is evident that in order to 
cover the low band properly, a rather fat 
270 dipole must be used. A low-band fohlcHl 

dipole is one possibility. Although such a 

Fio. 24-7. (a) High-low-band dipole ^ too high an avemKO impedance 

with tuning whiskers. (6) Radiation as compared with 300 ohms (c.g., a Channel 
patterns of dipole with whiskers. 3 folded dipole made of %-in. tubing with 

2-in. spacing has a YSWlt of about 1:1 at 
Channel 3 and 7:1 at Channel 6 as referred to a 300-ohm line, but less than 3:1 over all 
the low-band channels if referred to a 740-ohm line), it will be seen later that this situa¬ 
tion can be improved. 

A folded dipole of a length other than X/2 is seldom used. However, on the three- 
half-wave mode, the transmission-line mode (or the unbalanced-mode) impedance of 
the folded dipole is still extremely high and the antenna behaves like an ordinary 
straight fat dipole on the third mode. 

I’igurc 24-8a shows the radiation pattern of a low-band folded clipolo at the high- 


Fig. 24-7. (a) High-low-band dipole 
with tuning whiskers. (6) Radiation 
patterns of dipole with whiskers. 
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band Channel 10. Figure 24-8b shows the impedance characteristics, which are very 
tightly wound within a circle of VSWR 1 . 811 as referred to 660 ohms. 

In order to obtain a correct high-band radiaition directivity, a closely spaced pair of 
high-band folded dipoles is added, as in Fig. 24-9a. If the current in this high-band 

dipole is equal but opposite in phase to 
that in the center long dipole, the resultant 
radiation pattern will be the algebraic sum 
of a 3X/2 pattern and two X/2 patterns as 
in Figs. 24-8a and 24-1. Based upon this, 
a theoretical pattern has been calculated 
Zg and plotted in Fig. 24-9&. Tho pattern in 
the plane perpendicular to the dipoles is 
essentially circular, as one would expect. 

The next problem is to obtain equal cur¬ 
rents in the three dipoles since the center 
one is of different length. To achieve this, 

Fio. 24-10. Feed system for the tripole, aa appropriate food system has beca 

developed. 

By using a quarter-wave line of characteristic impedance Zo, a constant-voltage 
source can be transformed into a constant-current source whose magnitude is equal to 
the current into a matched load but 90® behind. Similarly, a constant-current source 
can be transformed into a constant-voltage source with the same line. 





If the three dipoles represented by Zi, Z 2 , and Zs in Fig. 24-10 are fed by three 
identical X/4 lines in parallel, the input currents in all dipoles will be of the same 
magnitude, even if they have different impedances. Furthermore, by reversing the 
connections to the long folded dipole Zj, its input current will be in phase opposition 
with those in the short dipoles. 
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Fig. 24-12. Measured gain for tripole and modified tripole: (a) Tripole. (6) Modified 
tripolo. 


The value of the characteristic impedance Zq is determined 
by the input impedance Zin, to be matched. Experiments 
indicate that a X/4 lino with a characteristic impedance of 
about 420 to 450 ohms is very satisfactory for a match to 
280 ohms. The resultant impedance characteristics of Zm 
arc shown in Fig. 24-11, indicating a VSWR of about 3:1 
over all the high-band channels. 

So far only the high-band operation has boon considered. 
At the low band, the short folded dipole is only about one- 
sixth of the low-band wavelength and is highly inductive. 
With the transmission line of X/12 its measured impedance 
ranges from 750/83® on Channel 2 to 6,000/00® on Channel 6. 
Its shunting effect upon the low-band folded dipole is 
therefore not serious. On the contrary, this shunting react¬ 
ance tends to tune out the capacitive reactance of the long 
dipole, which resulted from the X/12 line transformation. 
The measured input impedance of the tripole over all low- 
band channels is roughly within a VSWR of 3.5:1 as shown 
in Fig. 24-11, instead of 7:1 for the long folded dipole alone. 
The measured patterns of the tripole are essentially the 
same as the theoretical pattern of Fig. 24-96. The measured 
gain is shown in curve A of Fig. 24-12. 



Figure 24-13 shows another version of the tripole, where 


only one high-band folded dipole is used. Although the 
calculated pattern has larger minor lobes, the major lobe is 
only 28® wide at half-power iwints. In the plane of these 
dipokis, the high-band patt.(Tn is xinidirectional, with two 
or throe r(iar minor lobes. ()n the average, its gain is slightly 

higher than the tripole, as shown in Fig. 24-12. 

* ' * Fig. 24-13. Field pat- 

24.3. SIMPLE AERAYS high-low dipole 

combination at Chan- 

A two-(demont simple array, either both driven or one nel 11. 



driven and one panwitically excited, has n moderate gain of 
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about 2 to 6 db over a tuned X/2 dipole and is commonly used in primary areas where 
either a reduction of the ghosting effect or a higher gain is desirable. A single driven 
element with either a director or a reflector is the simplest Yagi antenna, for which 
the theory is well established.*** Its peak gain according to calculation is slightly 
under 6 db over a tuned X/2 dipole, but the bandwidth is relatively narrow. 

The design of such an array has been discussed in Chap. 5, and Figs. 5-0 and 5-7 can 
be used for designing the element lengths and spacing. The data in Ref. 2 are also 
very useful when a detailed design is required. 

After choosing the reflector length and spacing, the driven element is made approxi¬ 
mately one-half wavelength long. The input reactance is corrected by a minor adjust- 
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Fia. 24-14. Measured gain of various two-element end-fire arrays. 


As 300 ohms is usually chosen as the standard impedance for a receiving antenna, a 
folded dipole of the proper step-up ratio can be used. However, a simple straight 
dipole is also widely used because a simplification in construction, and consequently a 
reduction in cost, can be achieved at the expense of some mismatch loss and a nar¬ 
rower bandwidth. In primary areas of strong signal intensity, both versions will work 
equally well in so far as the elimination of the ghost due to a rcflcicU^d wave from the 
rear is concerned. 

A typical design for a two-elemcnt array designed for Channel 2 will have the follow¬ 
ing dimensions: 


Reflector element. 103 in., diameter » in. 

Reflector spacing. 32 in. 

Driven element. 96 in. long 


Diameter of folded dipole conductors. and in. with a 2-in. 

spacing between them 

The measured gain for this antenna is shown as curve A in Fig. 24-14. It can bo 
seen that the peak value of the gain agrees with the theoretical calculation but drops 
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sharply beyond Channel 3. In some commercial wideband Yagis, a greater bandwidth 
is achieved at the expense of lower peak gain by designing the reflector for the lower 
edge frequency of Channel 2 and the folded dipole for Channel 4. A typical gain curve 
is shown as B in Fig. 24-14 for comparison. Evidently the latter is preferable for 
reception over the entire lower VHF band. Thus the optimum condition for highest 
gain at one frequency is not always desirable. The gain-bandwidth product would be 
a better criterion for the wideband application. 

It is generally believed that an end-fire array with all elements driven has a wider 
bandwidth. For a two-element uniform array with a spacing d < X/2 and phase 
difference 5, the calculated gain in decibels over a tuned X/2 dipole is shown in the 
following table: 


Table 24-3 


d 

S 

CO 

o 

o 

136® 

180® 

X/8 


4.2 db 

3.06 db 

X/4 

3 dh 

4.6 db 

3.6 db 

3X/8 


3.43 dh 

3.0 db 


It can be seen that the case ordinarily mfcrnul to as an end-fire array with d « X/4 
and 5 = 00® gives no rearward radiation, but 


docs not give the highest gain. This is a 
general characteristic of the end-fire arrays, 
including the Yagi. The maximum gain 
for d smaller than X/2 occurs approximately 
at d “ 0.2X, and d " 153.5® with a gain 
over a tuned X/2 dipole of 4.91 db. 

The food system of an array is an integral 
part of the antenna system and plays a role 
as important as the radiating elements 
themselves. However, the analysis and 
design of a feed system required for a 
given (jurrent distribution must take into 
account the mutual coupling between ele¬ 
ments. To illustrate the effect of coupling 
between oleinents, let two X/2 dipoles be 
spaced at X/4 and fed with a X/4 line, as 
shown in Fig. 24-16. Then the ratio of the 
currents in two dipoles will be 


I 2 



Fio. 24-16. Two-eloment array with X/4 
spacing and X/4 feeder. 


h “ i 


where Ii and /j » currents in elements 1 and 2 
Zii ^ self-impedance of each dipole 
-^12 - mutual impedance between (dements 1 and 2 
Zo « charactc'.ristic. impedance of X/4 line 

Suppose 2^0 “ -^11 “ 70 ohms for a fat dipole and 2^12 “ 40 — i 40 at a spacing equal to 
X/4. Then 


h * 0.509 /-110 ® h 
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instead of the ideal end-fire case: /2 = jli» Therefore a X/4 line will not necessarily 
give a 90® phase shift of the current in the second dipole. In order to obtain such a 
current, a line other than X/4 long or dipoles of different lengths should bo used. 

Retiurning to Fig. 24-15, suppose the desired current relation ho h = ah; then the 

length and the characteristic impedance 
of the line required will be det(uniin(^(l by 

cos ^ sin = ± ^ (24-1) 

where Zi = Zn -f- aZu 

Z% — Zi2 + Zx^jo, 

Z 2 i = self-impedance of dipole 2 
wavelength constant of lino 
and the plus and minus signs are for a 
straight and for a cross connection respec¬ 
tively, between dipoles, a can bo any 
complex quantity, but for a uniform 
array with zero rear radiation 

a =s n « 1, 2, . . . , n 

To illustrate this principle, an array w 
made to consist of two folded dipok^s of 
different lengths and both made of J-fi-in. 
tubing with 2-in. spacing between con¬ 
ductors. At Channel 4, the 92-in. dipolo 
has a self-impedance Zn « 
and the 75.6-in. one has a sclf-impod- 
ance Z 22 = 0.9 + iO.6, both normaliz<Hl 
with respect to 300 ohms. For d «■ X/4, 
the mutual impedance Zu is equal to 
0.534 — jO.466. For an end-fire army, 
a = —j. Inserting those numbers in Kep 
(24-1), the shortest line required for a 
straight connection will be approximately 
54 in. with a characteristic impedance of 
380 ohms. A commercial transmisKion 
line of nominal impedance of 300 ohnm 
and a velocity factor of about 84 per ccuit 
is used. The measured resultant gaiti is 
shown as curve C of Fig. 24-14, as referred to a 300-ohm load. By some experimental 
adjustment, it is found that a longer line length will improve the bandwidth {*veii 
further, as shown in curve D, but with a slight sacrifice of the peak gain in Channel 2. 
Curve E is the curve D plus the mismatch loss at respective channels, which is deter¬ 
mined by the measured input impedance. By comparison of the various c.urvc^H in 
Fig. 24-14, it can be seen that this type of end-fire array has almost the same peak gain 
as the Yagi but with a much wider bandwidth. 

So far, the simple array for only one band operation has been considered. For both 
high- and low-band reception, any type of dipole in the previous section can be used as 
a basic element of an array. Dipoles such as the fan type and the second version of 
the tripole are inherently unidirectional in the high band, so that a unidin^ctional 
VHF antenna can be obtained by simply adding a low-band reflector, which is found 
to have only slight effect upon the high-band operation. End-fire arrays of a twin- 




(b) TILTED FAN DIPOLE WITH REFLECTOR 



fc) TWIN-DRIVEN TILTED FAN DIPOLE 
OF TWO ELEMENTS 

Fig. 24-16. Various simple end-fire an¬ 
tennas. 
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driven fan of two elements and simple V dipoles as shown in Fig. 24-16 are also com¬ 
mercially used. The measured gain curves of some typical examples are shown in 
Fig. 2^17. In the high band, the array has a 3X/4 spacing in the end-fire mode. If 
the unit pattern does not have a narrow beam with negligible minor lobes, the array 
may have high side lobes. Since the high-band wavelength is only one-third of that 
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Fig. 24-17. Measurod gain for antennas of Fig. 24-16. 


of the low band, it is often possible, without substantial effect on the low-band per¬ 
formance, to adjust the spacing for the high-band patterns so that the minima of the 
unit pattern fall into the minor-lolie maxima of the array pattern. 

24.4. SCREEN-REFLECTOR-TYPE ANTENNA 

One simple way to improve the directivity of any dipole in Sec. 24.2 is to use a screen 
reflector. Theoretically, for an infinite perfectly conducting screen, the closer the 
dipole to the screen the highcT the gain, up to a limit of 2.3 relative to a dipole in free 
space. However, close spacings are not generally used, for the following reasons, 
lurst, at this spacing the ohmic loss in the screen, even though small, cuts the gain 
down drastically. Scicoiidly the impedance at this spacing is not only very low, but 
changes rapidly, resulting in narrow bandwidth. Thirdly, if the spacing is about O.IX 
to 0.2X at the low hand, then in the high band it will be in the neighborhood of 0.6X, in 
which case the forward lobe breaks into two largo side lobes. Figure 24-18 is the 
cal(nilat(ul gain of a X/2 dipole in front of an infinite lossless sheet reflector as referred to 
a X/2 dipole in friio space. It can be seen that if the spacing from the reflector is 
about X/4 at 07 Me {d ■» 44 in.), the range of this spacing in wavelength is from 0.2 to 
0.43 for th(i low band and from 0.05 to 0.81 for the high band. The graph shows a gain 
of about 1.0 to 2 on <iach band. This spacing not only gives the best compromise in 
gain between high and low bands but also has a good impedance characteristic. Of 
course, if the antenna is designed for only one band, the dipole can be as close as 
0.15X from the reflector. 
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An infinite-sheet reflector is obviously physically impossible. Moullin^ has investi¬ 
gated both theoretically and experimentally the effectiveness of (1) a finite-sheet 
reflector and (2) a screen-type reflector made of grid wires. Based upon his calcula¬ 
tion, the forward field differs by no more than 1 per cent from what it would have for 
an infinite sheet if the sheet is about 4X high (H in Fig. 24-19) and the dipole is no 
farther than 3X/2 away from the reflector. A more interesting case in the present 
application is d «= X/4. Moullin found no substantial difference between a finite sheet 
with a height H = 0.814X and an ideal reflector. Figure 24-20, which is derived from 
Moullin, indicates the front-to-back ratio vs. the height of a sheet reflector as the 
spacing d = X/4. It is seen that it has an F/B ratio of about 38 db when H « 2X. 
Further increase in H yields only a slight improvement in F/B ratio. 



SPACING FROM REFLECTOR IN WAVELENGTH 


Keg. 24-18. Calculated gain of a X/2 dipole in front of an infinite-sheet reflector. 




Fig. 24-19. Configuration of a folded dipole Fig. 24-20. The effect of scroon width on 
in front of a finite-sheet reflector. front-to-back ratio. 

A solid-sheet reflector can be replaced by a screen made of parallel wires if the size of 
the wire and the spacing between wires are properly chosen. The relation between 
the radius of the wire h and the spacing g is shown in Fig. 24-21. This calculation is 
based on the theory that when the self-inductance of the wire is equal and opposite to 
the mutual inductances between wires, the grid will behave as a solid sheet. Moullin 
has demonstrated by both calculation and experiment that the size of wire can be 
much smaller than the curve indicated without substantially reducing the effectiveness 
of the screen. For example, a 90® corner reflector constructed by grid wires of only half 
the size indicated in the curve has a half-power beamwidth only 10 per cent wider than 
that of a perfect reflector. 

In practice, the size of screen can be even further reduced. The effect of vertical 
bars for closing up both ends of the grid structure is equivalent to widening the screen. 
In general, a screen of X/4 high and slightly over X/2 wide provides a fairly effective 
reflector. 

If a screen is designed for both high and low bands in the VHF range, the over-all 
size should be determined by the lowest frequency, that is, 64 Me. The wire size h 
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and the spacing g should be determined by the highest frequency. It is found experi¬ 
mentally that a closed grid structure of about 4 X 10 ft, made of %-in. tubing spaced 
8 in. apart (instead of 2-in. tubing at this spacing according to Pig. 24-21) provides a 
fair reflector unless a very high F/B ratio is 
sought. Tubing larger than J^-in. diameter 
is generally too bulky for a receiving an¬ 
tenna. If a better screen is desired, it is 
more convenient to reduce g/\ than to 
increase 6/X, 


24.6. SINGLE-CHANNEL YAGIS 


For single-channel reception, a Yagi gener¬ 
ally is the best solution. Yagis of three 
or more elements are widely used, although 
a thorough study is lacking today because 
of the many parameters, each element having 
three variables, length, spacing, and the 
diameter of the conductor. Almost all multielement Yagis are invariably designed 
empirically. Theoretical calculation has been so far limited to three elements.® 
Figure 24-22/> shows the calculated gain vs. the director length td and its spacing dd, as 
indicated in Fig. 24-22a, for a reflector length 4 “ X/2 and thickness p « X/200. This 



ai Q2 0.3 0.4 Q5 0.6 
9/X 

Fig. 24-21. Relation between grid-wire 
size and spacing. 
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Fig. 24-22. (a) Three-<‘l(*rn(*nt Yagi antenna. (/>) (Uin over a half-wave dipole of a three- 
ehnnent Yagi with various director lengths and spaeiugs. 


family of c.urveH show that as thti spacing dd (lec.reasoH, the optimum length of the 
director incroasos; however, the maximum optimum gain is about 7db at 4 =“ 0.46 X, 
dd - 0.2X. This figun^ is higher than ordinarily obtained with typical three-element 
Yagis. Th(‘ reason for this is that the inipodanco of this combination, with a driving 
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DIPOLE 


MAXIMUM 

"RADIATION 


element length 4 = X/2, is about 26 -f j59. Even when stepped up by using an ordi¬ 
nary folded dipole this still represents a VSWR of 2.9:1 referred to 300 ohms. A spe¬ 
cial folded dipole, with the proper length and a stepnup ratio equal to 11.5, will match 
a 300-ohm load but at an increase in manufacturing cost. Conditions other than the 
optimum are often used because of economic factors. 

Although very little information is available about the bandwidth of a Yagi antenna, 
experiments show that even in the lowest channel of the television band it is not diflfi- 
cult to maintain the gain within 1 db over the channel without resorting to large-diam¬ 
eter conductors. 

For the VHF channels, Yagis with more than 10 elements are rarely used because of 
their bulky construction and the decrease in gain per element. The number of 

reflectors is invariably limited to one, 
because an. additional reflector docs not 
improve the performance significantly. 
However, the use of two parasitic ele¬ 
ments stacked vertically or three ele¬ 
ments in a trigonal formation,® as shown 
in Fig. 24-23, can improve the gain and 
bandwidth. In Fig. 24-23a, the reflec¬ 
tors are effectively equal to a thick con¬ 
ductor whose equivalent radius is \/Ap, 
if A is small in wavelengths. This giv(is 
more bandwidth, but not necessarily a 
higher peak gain. In Fig. 24-235 and c 
the E’s are parasitically excited broadside 
elements rather than reflectors; thus largo 
spacings are necessary to obtain a sub¬ 
stantial gain. The gains shown in the 
figures are measured values referred to 
that of a dipole without a reflector. 
In the case of a Yagi antenna with 
directors, the increase in gain due to 
these reflectors will be less than the 
values given. 

Experimental results for Yagi antennas 
with a large number of directors arc 
given in Chap. 6, and the reader is rt^- 
ferred to Tables 6-1 and 5-2 for a sum- 
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Fig. 24-23. 
flectors. 


Various arrangements bf re- 


mary of this information. 

As mentioned before, the analysis of a Yagi with elements more than three is diffi¬ 
cult, but there are a few general properties which may be useful for experimental 
design. 

1. The radiation pattern of a Yagi antenna is almost independent of the length of 
its driven element. Thus the length and the construction of the driven element arc 
determined only by the impedance characteristics. 

2. For the radiation patterns, close spacings wiU result in a higher front-to-back 
ratio with a broader main beam. Wider spacings give a sharper beam but more and 
larger minor lobes. This is particularly true for the spacing of the director next to the 
driven dipole. 

3. The general effect of the length of the parasitic elements on bandwidth is the 
same as discussed in Sec. 24.3. In order to allow for manufacturing tolerances and 
for the effect of rain or snow on the antenna, it is preferable to choose directors slightly* 
shorter and reflectors slightly longer than optimum values. 
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4. Since the director length decreases very slowly with the increase of the number of 
directors, it is logical to first adjust the spacing every time a director is added and then 
to shorten aU the lengths slightly. 

6. Since a large Yagi antenna has too many parameters to be optimized, it is simpler 
to design two stacked Yagis, each with few elements, rather than a single Yagi of many 
elements. 

24.6. BROADBAND YAGIS 

The Yagi-type antenna is popular for television reception because of its low wind 
resistance and simple construction. Its chief disadvantage is its narrow bandwidth, 
since with a conventional Yagi it is impossible to cover several channels. Therefore it 
is desirable to use a wideband Yagi rather than several single-channel Yagis if provi¬ 
sions can be made to widen the frequency coverage even at some sacrifice in gain. 



Fig. 24-24. (a) IIuirpin-tyiK^ dual-ehannol Yagi. {b) McaHured gain of hairpin-type 
dual-c.hutuiul I()-oleuiont Yagi. 
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The bandwidth of a Yagi is a complex problem to analyze. Qualitatively, the nar¬ 
rowness of bandwidth is due to the fact that for a given Yagi, as the frequency increases, 
both the relative spacings and the element lengths in wavelength increase, while the 
optimum element length decreases with the increase of spacing. Although a capacitor 
may be added to effectively shorten the length, there is no passive reactive network 
with a capacitive reactance increasing with frequency. Therefore the narrow band¬ 
width is an inherent property of Yagi antennas. 

The preceding argument is based upon the optimum gain condition. If, however, 
the directors are deliberately made shorter and the reflector is made longer, the band¬ 
width can be considerably widened with some sacrifice in peak gain. This can be seen 
from Fig. 24-14. There are in general three classes of broadband Yagis: dual-channel, 
single-band, and high- and low-band Yagis. A dual-channel Yagi covers two channels, 
which in most cases are in the same band but are not adjacent. One type is the so- 
called hairpin tuned Yagi. A commercial version of thi is made for Channels 4 and 6, 
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Fig. 24-25. Measured gain of five-element Yagi: (a) Single-channel Yagi. (6) Broadband 
Yagi. 

since there is a guard band of 4 Me in between. In Fig. 24-24a the directors are deter¬ 
mined by the upper frequency of Channel 5 and the reflector by the lower frequency of 
Channel 4. Aero s the unfed side of the folded dipole is connected a hairpin-shaped 
line, the open side of which is about X/4 at Channel 5, so that the folded dipole behaves 
as if it were a regular dipole cut for Channel 5. At Channel 4, this dipole is a little 
short. This is compensated by the length Y of the short side of the hairpin line, taking 
into account the capacitive effect of the open side. It should be noted that one obvious 
disadvantage with this method is that there always exists a frequency between these 
two channels for which the hairpin line resonates in its first mode. When X Y is 
approximately equal to X/4, the hairpin appears as an open circuit to the folded dipole 
and a sharp drop of gain of 10 to 20 db can be expected, as shown in Fig. 24-246. 

Single-band Yagis include those which receive two or more adjacent channels in one 
band. For a Yagi antenna with no more than five or six elements, it is possible to 
broaden the bandwidth considerably by choosing the element dimensions in the fol¬ 
lowing manner. The directors are adjusted for the higher frequency, the reflector is 
adjusted for the lower frequency, and the driven element for the middle frequency. 
Figure 24-25 shows the measured gain of two five-element Yagis of comparable size 
Curve A is for a single-channel tuned Yagi, and curve B for a wideband one. The gain 
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bandwidth product for curve A as referred to a mean frequency of 69 Me is about 0.76 
(roughly 1.0 if the gain in the frequencies outside of Channel 4 is also taken into 
account), while that of B for a bandwidth from Channel 2 to 6 is 2.14. It is evident 
that the loss of gain in Channel 4 is compensated for by an increase in over the 
other four channels. Also, curve B is the antenna directivity gain minus the mis¬ 
match loss, which is much more than that of a single-channel Yagi. One minor draw¬ 
back of this type of Yagi is that there is always a valley in the gain curve somewhere 
around the mean frequency, in Channels 3 and 4 for the present example. This 
is particularly true as more directors are added. 
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1 10 . 24-20. MeaHurod fcmn of throe twin-driven lOoleinoiit YaKis and a singlo-channol 
10-oleincnt Yagi. 

It is known that a j)n)i)erly doHigned end-lire array of driven elements has a wider 
bandwi<lth than an array of parasitic olementH. A number of very wide band televi¬ 
sion receiving antimnas use a <*.<)rnhination of both driven and parasitic elements. In 
so doing, the rechiction of gain in the middle of the band can be made to a certain 
extent. One commonly used arrangement is the twin-driven Yagi, which consists of 
a simple two-driv<ui-(demcnt array and a number of panisitic olcmonts. The driven 
array is designed for the middle of the band, e.g., Channel 3 or 4 for an all-low-band 
array. Its optimum dimensions may be dilTerent fmm those of the simple driven 
array alone, because of th({ mutual coupling of th(^ parasitic elements, but it is a good 
approximation for tho first st(q) in its design. The lu^xt step is to add a reflector for 
the lowest fre(iu(mey and a h^w directors for the highest fn^quoncy of the band. Fur¬ 
ther adjustment of th(^ drivtm elements may then be imeessary. Obviously, more than 
two driven elements can be used for either more uniform gain or a wider bandwidth. 

Figure 24-26 shows th(^ gain of several different 10-<jl(mient twin-driven Yagis, each 
covering different baiulwidths. It should ho noted that since there are seven directors, 
the gain variations would he wid(^r if tlic array were not twin-driven. All these Yagis 
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are about 0.91X to 1.07X in over-all length at the mean frequency of the band, and all 
directors are spaced roughly 0.1\, so that the patterns have relatively few minor lobes. 
Figure 24-26 also shows the gain of a Channel 3 ten-element Yagi of about the same 
over-all length for the purpose of the comparison. 



The third type of broadband Yagi is the high- and low-band, or all-VHF-channcl, 
Yagi. It consists of one or several driven elements which are cither broadband or 
multimode dipoles, as described in Sec. 24.2, and a group of interlaced high- and low- 
band parasitic elements. In the case of a multimode dipole, colliiiear parasitic ele¬ 
ments can be used for higher gain. The construction seems complex, but the elimina¬ 
tion of two separate single-band Yagis, two transmission lines, and a switching system 
plus extra mast length justifies the complexity. The feasibility of such an antenna 
depends mainly upon the possibility of interlacing the high- and low-band elements. 
Assume that there are m high-band, n low-band elements interlaced in a certain man¬ 
ner as shown in Fig. 24-29. Let us number them in such a way that from 1 to w they 
are high-band elements and from tn 1 to m n they are low-band elements. The 
relation of currents and impedances in the pth low-band element (that is, < p < ?n 
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+ n) at the high-band frequency will be 

m+n 

IqZpq = 0 

where Zpq is the mutual impedance between gth and pth elements. For an all-VHF- 
channel Yagi, the high-band director is slightly shorter than X/2 at Channel 13 and the 
low-band director is about X/2 at Channel 
6 or in the neighborhood of a full wave¬ 
length in the high-band. For %-in. tubing 
the latter element has a self-impodanco in 
the order of 1,500 ohms at the high-band 
frequency. As for the mutual impedance, 
only those elements close to the pth ele¬ 
ment will have an appreciable effect. The 
adjacent low-band elements have negligible 
effect because of (1) their relatively large 
spacings at high-band wavelengths and 
(2) the small currents in these elements at 
high-band frequencies as a result of their 
high self-impedance. Therefore the current in the pth clement can be roughly esti¬ 
mated by 

l/pl « \I^qp -f- Iq^lZ{q\.i)p\/\Zpp\ « 2\IqZpq/Zpp\ 

where q and g -I- 1 are two possible nearby high-band elements. For a spacing of X/10 
between the pth and gth elements, \Zpq\ « 120 ohms. Since \Zpp\ w 1,500 ohms, Ip is 
only of the order of /«. (Because of the phase difference between Iq and J^+i, 
Ip may bo even smaller.) Therefore the effect of the low-band parasitic elements is not 
too great at the high-band if the lengths are chosen properly. 

The effect of the high-band elements on the low-band operation is negligible, 
because they are very short in terms of wavelength. A logical experimental design 



Fig. 24-29. Interlaced high- and low-band 
Yagi. 
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Fio. 24-30. Measured gain of an all-VHF-ohannel Yagi antenna. 
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procedure is to determine the low-band elements first, then the high-band elements. 
Some readjustment of each set of elements is necessary, since their dimensions are not 
necessarily the same as those for single-band operation due to coupling effects. As for 
the reflectors, the high- and low-band elements operate almost independently of each 
other. Figure 24-30 shows the measured gain of a commercial all-VHF-(*»hnnnel Yagi 
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which consists of a tripole as a driven 
element and five parasitic, elements, two 
for the low-band and three of the c.ol- 
linear type for the high-band. In the 
low-band, the antenna operaU^s as a 
three-element Yagi, and in the high-band 
it operates roughly like throe collincar 
four-element Yagis. 

24.7. STACKING PROBLEMS 

By stacking, it is meant that two or 
more single antennas of any type form a 
broadside array, so that antennas can h(^ 
stacked horizontally as well as v(^rtically. 
Vertical stacking is more commonly used 
because of a higher stacking gain and tlu^ 



Fig. 24-31. Equivalent-stacking connections. 


elimination of a separate mast. How¬ 
ever, stacking more than three or four 
bays, particularly in the low-band chan¬ 
nels, becomes mechanically inconvenient, 
so that a combination of vortical and 
horizontal stacking may b(^ used. Th(^ 
optimum stacking spacing for two half¬ 
wave dipoles is 0.07X, but this is not 
generally true for other single-bay an¬ 
tennas. The general rule is that th(‘ 
group pattern of the array should hav(» 
a beamwidth at least comparable* with 
that of the unit-bay vertical patte^rn in 
order to have an appreciable stacking 
gain (similarly for horizontal stacking). 
Thus, in stacking large antonnas, large 
spacing is more fruitful. 


This procedure often complicates the feeding system, so that half-wave stacking is 
commonly employed for convenience. Half-wave stacking in the low band (or thnu^- 
half-wave in the high band) provides a convenient means of impedance mat<:hing, since* 
a X/4 transformer can be used in each bay to match a 300-ohm load at the f(?od 


termmals. A properly designed single-bay antenna will have an impedanc(^-char- 
acteristic curve centered around 300 ohms, so that a stacking line 90 in. long of 425 
ohms impedance is a good compromise in most cases. For spacing less than X/2 
(except for very close spacing), the stacking line should still bo maintaiiKwl at approxi¬ 
mately X/2 in length and 425 ohms impedance. In this case, the stacking nxls an* 
longer than the spacing, so that it is necessary to form the rods in V shape. This V- 
shaped stacking line is equivalent to a T-^haped line as shown in Fig. 24-31, if 


dt ^ and Z^t = ^ 
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A Blight adjustment of Zu and d, may be necessary because of the difference in end 
effects and coupling between the Zo and Z^ Unes. The choice of these two alternatives 
is a matter of mechanical convenience. For four-bay stacking, each pair of adjacent 
bays is treated as a single bay, after which the same procedure is followed for there two 
pairs. A second method, shown in Fig. 2«2, uses a straight feeding system with a 
rcvorsod connection to the outaide bays. Since the currents in bays 1 and 4 are a func- 
tion of the lino length, this method is frequency-sensitive and is useful primarilv for 
stacking narrow-band antennas. ^ 

24.8. RECEIVING ANTENNAS FOR UHF CHANNELS 

The assigned UHF band consists of 70 channels (Channels 14 to 83) and a freouenev 
hand from 470 to 890 Mo, or 65 per cent bandwidth with respect to the mean frequenev 
647 Me. Since the frequency is approximately ten times that of the VHP low 
hand, UHF antennas of comparable physical size will have considerably higher gain 
However, because of greater propagation attenuation in the UHF band, higher values 
of gain arc required. 



Flo. 24-32. Alternative method of four-bay Fio. 24-33. Geometry of the triangular 
Htac^king. dipolo. 

Since moMt typCH of UHF antennas are relatively small; stacking of four or even eight 
bays is not too difriciilt. There is some question as to whether it is desirable to stack 
too larger a number of antenutis since the wavefront across a large aperture may be 
nonuniforin, Ixuiause of the unevenness of the terrain. 

Bicomcal and Triangular Bipoles. To cover the entire UHF band, a fat dipole is 
almost <^HH(uitial. Theoretical studies on dipoles of certain shapes have been made by 
various authors. Among them the conical dipole has received considerable attention. 
Although a l)i(i<)ni<*.al anUmna is not commonly used in TV reception, yet a few 
basic dip()l(‘H widely uh(xI in TV reception are more or less derived from it. The 
measured n^sistjuicc^ and r(‘,a<',tanc,e of a conical unipole vs. lengths in electrical degrees 
for various ^lar(^ angh^s an^ shown in Figs. 3-13 and 3-14. Experimentally, no noticeable 
difrorenc.e in impcxlancc has been found whether the ends of the conical dipole are 
closed with a si)hi^ri(?al <!ap or not. Since all quantities in these figures are referred to a 
monopoh*, for a Hymm(d.ri(uil dipole the resistance It, the reactance X, and the over-all 
length should be doubled. 

A commonly used UHP' dipole is made of triangular sheet metal as shown in Fig. 
24-33. It luis the advantage! of light weight and simple structure and can also be made 
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of mesh screen instead of solid sheet, provided that the mesh spacing is small in 
wavelength. 

The resistance and reactance of a triangular unipole of length A and flare angle a are 
shown in Ref. 8 for a wide variation of parameters. The radiation pattern of the 
triangular dipole is similar to that of a conical dipole e^ccept that the vertical pattern 
(in the YZ plane) is no longer circular because of the dissymmetry of the construction. 
The larger the values of A and a, the more the pattern in the XZ plane deviates from 
those in the XY plane and also the more predominant are the side lobes. Based upon 
the pattern and the impedance characteristics, a compromise value of a of about 60 
to 80 may be used for values of A up to 210°. Figure 24-34 shows the measured gain 
characteristics of a triangular dipole. As with VHF antennas, this dipole can be used 
in front of a screen to eliminate the rear lobe and increase the directivity and can also 
be stacked. The measured gain curves for several cases are also shown in Fig. 24-34. 
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Measured-gain characteristics: (a) Triangular dipole (a = 70®, A » 7K in.), 
(b) Triangular dipole in front of screen (22 X 19 in.), (c) Two bays of antenna b stacked 

23 in. apart. 

V wd Rhombic Antennas. A simple UHF antenna is the V antenna, the theory 
of which has been discussed in Chap. 4. Because of the considerably higher frequency, 
a V antenna of leg length 2.5X, at Channel 14 (or 4.5X at Channel 83), has about the 
same size as a VHF X/2 dipole. It is known that the longer the leg, the higher the 
gain. However, for the simple type of construction used in the average home instal¬ 
lation, the V is commonly supported near the vertex. The leg length is then limited 
to about 55 in., or a length of 2.1X at 450 Me and 4.2X at 900 Me. For these condi¬ 
tions, the optimum angles are 66 and 50°, respectively, so that a compromise must 
be reached for the whole band. 

One commercial version of simple construction is a two-bay stacked V antenna as 
shown in Fig. 24-35. Here, two rods, each 122 in. long, are bent into a U shape 
approximately 55 in. long and then moimted on two insulators fastened to the mast so 
as to form a stacked V antenna with an angle of 50° and a built-in stacking line with 
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2-iii. spacing. The feed terminals are at the center of the line. Figure 24-35 also 
shows the measured gain. 

It is possible to use a rhombic antenna for the average home installation at UHF. 
Figure 24-36 shows the gain of a single-bay rhombic antenna of leg length 65 in. and 
interior angle 66° and with a termination of 470 ohms. Since it is essentially a travel¬ 
ing-wave antenna, the impedance characteristic is excellent over the whole band. 


in 
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Fio. 24-36. MeaHured gain of a UHF rhombic antonna. 


Comer-reflector-type Antenna. The corncr-refloctor-type antonna is very useful 
for UHF n^coption luiKiauw^ of its high gain and largo bandwidth. A 90° corner reflec¬ 
tor, constructed in grid fashion, is generally used. One typical design is shown in 
I<^g. 24-;i7. A wi<l(^-l)an<l triangular dipole discussed in the beginning of this section 
would be a good ehoi(*.<^ to use with the corner reflector, except that its dimensions are too 
large. A modified vesrsion is a triangular (liiK)lo of flare angle 40°, which is bent 90° 
along its axis tis shown in Fig. 24-37, so that the dii)ole is parallel to both sides of the 
reflector. FxpcrimenUl results indicate that an over-all length of 14}^ in. for the 
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dipole gave the optimum value of average gain over the band. The dipole has a 
spacing of about X/2 at mid-band from the vertex of the corner reflector. Larger 
spacings would cause a split lobe at the higher edge of the band where the spacing from 
the vertex becomes equal to a wavelength. 

Figures 24-38 to 2440 are experimental results useful in designing grid-type comer 
reflectors. Figure 24-38 shows the relation between grid length L and gain at three 



Fig. 24-37. Corner-reflector antenna. 



Fig. 24-38. Measured-gain characteristics vs. grid length L. 


different frequencies. It is seen that beyond 20 in. of grid length very little is gained. 
Figure 24-39 shows the relation between gain and grid width W. At 700 and 900 Me, 
the improvement in gain for a grid over 20 in. wide is rather insignificant. To reduce 
the fabrication cost to a minimum, 25 in. is considered a good compromise. In Fig. 
24-40 the spacing for grid tubing of J^-in. diameter can be determined from the allow¬ 
able level of rear lobe in percentage of the forward lobe at the highcst-frcquency 900 
Mo. If 10 per cent is the allowable value, the spacing should bo slightly under 1in. 
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Below 900 Me, the rear pickup will be less than 10 per cent provided that the grid 
screen is wide enough. Thus the width is determined by the lowest frequency, while 
the spacing of the grid tubing is determined by the highest frequency. 

Figures 24-41 and 2442 are the impedance characteristics and field patterns, 
respectively. Figure 2443 shows the measured gain over the band. 

UHF Yagi Antenna. A Yagi antenna is still the simplest solution in areas where 
the channels fall within a 10 per cent band about the mean frequency. For example. 


o 

Q. 



Fig. 24-39. Measured-gain characteristics vs. grid width W. 


PERFORMANCE OF REFLECTOR 



Ki<», 2440. Il<‘lati()n the roar lobe Fig, 2441. Impedance characteristics of a 

in por o(*nt of the forward lobo and the grid UllF corner reflector. 

Hpaoing ^ at 900 Mo. 


a 9 i><‘r (‘.(Mit bandwidth Yagi will cover six channels on the low-frequency end and 12 

(diannolH on the liigh end. . 

Th(‘ basie priiudph^H of denigning V!IF Yagis arc still applicable for UHF Yagis. 
The (liiiK'nHionH can Ik^ ()btaine<l approximately by scaling, except for some mechanical 
parts such as the metal supiwrting cross arm, which usually does not scale by the same 
factor. The minor disc.repancics duo to imperfect scaling can be compensated for by a 
slight, r(^adjuHt.In(Ult of olcmeiit hmgth. Because of short physical wavelength at 
the UllF channels, Yagis of three or four wavelengths long and up to 16 elements are 
feasible. 




GAIN REFERRED TO TUNED DIPOLE-DECIBELS 
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25.1. GENERAL DISCUSSION 

The antenna is often regarded as the most important single clement in the conven¬ 
tional radar system. Justification of this appraisal is explicit in the radar-range 
equation, 1 which states that radar range varies as the square root of the antenna gain- 
wavelength product, while the dependence for all other parameters, except two-way 
transmission loss, enters as a fourth-root factor. These relationships can be under¬ 
lined by remembering that a fourfold (6-db) increase in antenna gain is required to 
double the radar range, while a sixteenfold (12-db) increase in transmitter power, or 
receiver sensitivity, is necessary for the same effect. 

Pattern Requirements as Related to Application. The free-space pattern of the 
antenna is inevitably an important consideration in the radar-system planning. Cer¬ 
tain beam shaping is often desirable, whether of the familiar cosecant’* (Sec. 26.4) or 
some other form. Minor-lobe levels are usually set on a compromise basis after the 
gain and beam-angle penalties are weighed against other system requirements, which 
may involve antijamming considerations, the possibility of ambiguous angle informa¬ 
tion, and the effect of the operating environment, particularly the radome, on the 
antenna. It is not too early in this discussion to emphasize that it is pointless to 
impose on an aperture the stringent tolerance requirements and carry out the careful 
illumination design necessary for a very low side-lobe level when the radome itself, as 
in streamlined airborne installation, may be the limiting factor in sotting the side- 
lobe intensities. 

Gain and Side-lobe Considerations. It can be said in general that the radar 
antenna never has a high enough gain nor low enough side-lobe levels. Although these 
desiderata are to some extent mutually exclusive, relative importance can often be 
assigned. For example, a harbor-navigating radar will usually bo better prepared to 
sacrifice gain than to permit multiple azimuth returns from a single target. Again, a 
search radar, striving for maximum range, will usually not be misled by azimuth 
ambiguity and will consequently choose gain over side-lobe suppression. Unfortu¬ 
nately, there are many cases where both high gain and low side lobes are important. A 
particularly significant example becomes apparent in assessing the vulnerability of a 
military radar to electronic countermeasures. The signal-to-jamming ratio is directly 
proportional to the radar antenna gain. However, access to the radar by the jammer 
is not restricted to the main antenna beam but can also be had through the side lobes. 
Hence a minimum side-lobe level is an antijamming requirement. 

As a guide to a choice of antenna type where either gain or side-lobe suppn^ssion is to 
be emphasized, the following table is presented. 


Table 25-1 



Gain 

Side-lobe 

suppression 

Doubly curved reflector (iucludins: paraboloids) 

Good 

Poor 

Very good 
Very good 

Very good 
Good 

Very good 
Good 

Metal-plate (acceleration) lens... 

Two-dimensional arrav. 

Line feed with cylindrical reflector... 
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Si 2 e and Wei^t Considerations. Antenna size and weight are always factors, 
particularly in airborne applications where the necessity for restricted physical 
size often forces the designers into the centimeter and even the millimeter spectrum to 
attain the requisite directivity. In addition to the obvious airborne demands for 
minimum weight, the designers of a ground-based antenna are often confronted by the 
requirement for air transportability of the radar equipment. 

26.2. PENCIL-BEAM ANTENNAS 

Weight restrictions account in large measure for the popularity of the doubly 
curved reflector with point or quasi-point feed. This combination almost always repre¬ 
sents the lightest weight possible for the production of usual antenna patterns. 
Special requirements may force the designer to some other antenna type but almost 
always at the expense of weight. The size and swept-volume advantage of the reflec¬ 
tor with point-source feed is not so marked. For most radar frequencies, two- 
dimensional arrays provide very compact and efficient radiating structures. How¬ 
ever, techniques of focal-length folding are possible for the reflector or lens-antenna 
types which arc often effective in reducing size (Sec. 25.2). 

Center-fed Paraboloids. A pencil-beam antenna is deflned as an antenna in which 
the main beam is approximately a figure of revolution about the beam axis. A center- 
fed paraboloidal reflector is the most common antenna of this type. While a center- 
feed system is simple and quite efficient, it has two associated difficulties: (1) feed¬ 
blocking (effects and (2) broadband impedance-matching problems produced by direct 
reflection from the reflector back into the feed system. 

Feed-blocking Effects. The effect of feed blocking is to increase the minor-lobe 
level, to decrease the gain, and to sharpen the beam angle. Those latter two effects 
arc negligible for most practical oases whore the feed area is much less than the reflector 
ar<^a but the increase in minor-lobe level may be significant.* The lobe level with 
feed-horn blocking can bo calculated to a good approximation by the following process. 
Ignore the blocking effect and calculate the far-ficld pattern from a knowledge of the 
feed characteristics and the resulting aperture illumination. The normalized minor- 
lobe level without feed-horn blocking is then known. Now add to this normalized 
value twice the ratio of the feed-horn area to the total aperture area. This sum is 
approximately the normalized minor-lobe level with feed blocking. As an example, a 
circular aperture with a parabolic aperture illumination has a maximum normalized 
minor-lobe level of 0,059 (24.6 db). An aperture 10 in. in diameter excited by a 
feed horn whose area is 2 sq in. will exhibit an approximate minor-lobe level with 
feed-hom blocking of 0.059 -h 4/78.5, or 0.110 (19.2 db). Increasing the feed-horn 
area to sharpesn the taper of aperture illumination will help up to the point where the 
area ratio is inen^asing faster than the minor-lobe level of the unblocked aperture is 
decreasing. hVom the foregoing we see that feed-horn-blocking effects need bo con- 
sidenul only for feed-horn/aperture ratios of the order of 0.01 or greater. It also 
means that this effec.t becomcH more marked for a given aperture area as the operating 
fre(iuen(‘.y goes down, since it is nec^easary to increase the physical area of the feed 
horn to maintain a given illumination taper. 

Mismatch-improvement Techniques. In the usual pencil-beam antenna, the 
impedance mismatch produced by (lireet reflections btwik into the feed is troublesome 
if a good impedance match (VBWU < 1.1) is recpiired over a frequency band greater 
than 1 or 2 per cent. This situation comes about in that a reflection-canceling dis¬ 
continuity placed at or near the ftHMi-horn aperture is usually many wavelengths 
from th(‘. refli^ctor and can be expected to be effective only over a very narrow band¬ 
width. A complcUdy satisfac.tory means of circ\imventing this difficulty is not yet at 
liand. Partial solutions include polarization n)tators, directional couplers by means of 
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which a compensating discontinuity can be introduced at any desired distance from 
the feed horn, zone plates placed at the vertex of a paraboloidal reflector, and hybrid 
feed arrangements. Before beginning a discussion of these stratagems, it is in order to 
point out that an isolator,® when available, is often the best solution to the matching 
problem. With an isolator, the reflections are absorbed at the expen^ of some sacri¬ 
fice in radiated power. This loss of power, exclusive of the isolator insertion loss, is 
given by 

% power loss * (voltage-reflection coeflBcient)® X 100 (26-1) 


As an example, a VSWR of 1.4 corresponds to a loss of only 2.8 per cent. It will be 
seen that some of the other matching devices imply a power loss as well. 

Impedance matching by use of a vertex plate^ is probably the best known of the 
various matching techniques, which admit, in principle, good impedance properties 


(VSWR < 1.4) over a fairly wide (< ±6 
per cent) frequency band. As shown in 
Fig. 25-1, a circular plate of radius given by 
r =* y/f\/^ (where /is the focal length and 
X the wavelength) is positioned as shown. 
The action here is that of cancellation of 
the reflections over the larger portion of 
the reflector by correctly phased reflections 
from the relatively small vertex plate placed 
in the region of high-iUumination intensity. 
As long as the aperture is fairly large 
(> lOX) and the illumination not unusually 




Fig. 25-1. Vertex plate in Fig. 26-2. Compartmontod reflector with 

paraboloidal reflector. hybrid feed. 


sharply tapered, the dimensions of the vertex plate are independent of the aperture 
size. The difficulty with this technique lies in the inevitable, and often serious, 
enhancement of the minor lobes. The phase errors introduced at the center of the 
aperture typically raise a 20-db lobe level without the vertex plate to a 15-db level 
with the vertex plate. Effect on gain and beam angle is usually small. 

For the compartmented reflector® the antenna is split into two sections by a thin 
conducting plate as shown in Fig. 25-2. Each half is fed by a separate though adjoin¬ 
ing feed so that the reflections back into each feed are identical. Note that each feed 
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must have its electric-field vector perpendicular to the septum. If the feed pair are 
connected to the transmission line by means of a hybrid, then the identical refiections 
can be diverted into a power-absorbing arm of the hybrid. This process is shown 
diagrammatically in Fig. 25-25. If the hybrid is of the T form, or its equivalent, then 
the length of line between one feed and the hybrid must be X/4 longer (or shorter) 
than the length of line between the other feed and the hybrid. If the hybrid is of 
directional-coupler form, then the required X/4-line-length difference is not required. 

In either case, the results are the same; the reflections, to the extent that the hybrid 
action is ideal and the reflections from each antenna half are equal, are all absorbed 
in the load. 

This device, so far described, is not yet complete, for the phase difference between 
each half of the aperture is 90®. This situation, if uncorrected, would produce intoler¬ 
ably high minor lobes. A phase corrector becomes necessary, and it can be either a 
dielectric slab in one-half of the reflector as indicated in Fig. 26-2aor a parallel-plate 
phase-advancing arrangement in the other reflector half. The presence of this cor¬ 
rection medium disturbs the symmetry upon which reflection cancellation depends. 
However, the effect is small. Unless the relative dielectric constant is fairly high (> 2), 
matching slots or tapers in the dielectric have not been found to be necessary. 

Some corollaries to this general principle should be recognized. The electrical-bore- 
sight axis can be coincident with the mechanical axis only at the design center fre¬ 
quency. Over a 10 per cent frequency band, the electrical-bore-sight deviation is 
usually quite small (a few per cent of a boamwidth) and easily calculable. If the 
media involved are nondispersivo over the frequency range of interest, then the bore- 
sight shift (0) is given to a good approximation by 

(26-2) 

/ ^ 

where / is the frequency. Thus, over a 10 per cent frequency band (± 5 per cent), the 
olectrical-borc-sight direction would deviate from the mechanical axis by 2}^ per cent 
of the beam angle. 

As long as the septum is very thin as compared with a wavelength, then the reflector 
can indeed be simply a paraboloid containing a conducting dividing plate. However, 
since the focal point for each half lies in 
the surface of the septum, two paraboloid 
halves separated by the septum thickness 
are more exactly used. This is illus¬ 
trated in Fig. 25-3. 

In the split or compartmontod reflector, 
the results arc quite similar to that pro¬ 
duced by an isolator. In the choice 
between these two devices (isolator or 
split reflector), the fragility of the ferrite 
material, its temperature sensitivity, and 
the requirement of a magnetic field will 
be wcughod against the complexity of the 
phiiH(^ (‘.orrec.tor required in the split- 
reflector assembly and the more elaborate 
feed stnic.ture. In both techniques the reflections are absorbed rather than canceled 
and a power loss occurs as given by Eq. (25-1). 

A good impedance match can be obtained through the use of a reflector which 
simultaneously collimat<^s the beam and rotates the plane of polarization through an 
angle of 90®. The reflected energy is thus returned in a mode to which the feed is not 
responsive. 



Fig. 26-3. Separate focal points of com- 
partmentc^d rclle<itt)r. 
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While it is a simple matter to specify a plane structure which will accomplish the 
desired rotation for normal incidence and at one frequency, the problem in the case of a 
paraboloidal reflector involves a variety of incidence angles and usually a band of 
frequencies as well. Silver® describes a grating structure consisting of an assembly of 
plates, with each plate approximately X/4 in depth and inclined at an angle of 45® to 
the direction of polarization. The spacing between these plates is small (<X/8) to 




(c) 

Fig. 25-4. Polarization-rotating paraboloid. 

ensure nearly complete reflection of the electric-vector component parallel to plate. 
This kind of structure has good impedance properties over a narrow band of frequen¬ 
cies. Pattern results are not known, but appreciable degradation over the normal 
paraboloidal results may be expected. 

Hannan^ has developed a design procedure utilizing a grating of thin wires to 
produce a very efl&cient polarization-rotating structure with negligible effect on the 
pattern. The technique involves the use of a grating which transmits some of the 
parallel component of the electric vector. This approach makes possible a device 
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which can be fairly insensitive to frequency changes over at least a 10 per cent band¬ 
width and to the normal range of incidence angles. The general action can be 
described in terms of Fig. 25-4. The wire grating, inclined at an angle of 46® to the 
electric plane of the feed, appears as a negative (inductive) susceptance to the wave 
component parallel to the grating. Thus the position of the effective short circuit as 
seen by this wave component will be located between the metal reflector and the 
grating (Fig. 25-46). ^ the frequency increases, the susceptance becomes smaller, 
but the position of the effective short circuit tends to remain in approximately the 
same position since the distance between the grating and the reflector becomes a 
larger portion of the wavelength. 

In terms of Fig. 25-4c, where D is the diameter of the wires, S the spacing between 
the wires, B the angle of incidence measured from the normal, and L the shortest 
distance between the wires and the backing 


metallic reflector, the design equations are 


L cos 0 
X 

X _ 1 

S cos 9 log. (S/tD) 


0.358 (25-3) 

2.05 (25-4) 


Thus with X and cos 6 taken as average values 
over their range, these equations permit the 
calculation of various pairs of values for S and 
D. The spacing jS, however, should be less 
than X/4 to ensure that diffraction effects are 
negligible. 

Practically, the wire grating is most easily 
established in position by embedding it in 
a dielectric attached to the reflector. Grating 
protection usually requires that a thin skin of 
dielectric cover the grating. Introduction of 
these dielectrics slightly affects the distance 



Fio. 25-6. Directional coupler used in 
feed system for impedance matching. 


between the grating and the reflector. Call- 

ing this new distance Ld, aasigning Kg and Ka to the values of the relative dielectric 
constants of the dielectric core and dielectric skin, respectively, and taking T as the 


skin thickness (Fig. 26-4), then 


L(Kc - 1) , H Kc - 1) 4irL cos 9 _ T{Ka -Jj (25-5) 

X CO8 0 X ^ 


The use of this formula is restricted to T <K X and Kc small (< 1.6). 

Matching with a directional coupler* deserves mention. This technique is most 
advantageously employed when the mechanical arrangement is such that a matching 
device cannot be placed at or very near (in terms of a wavelength) the reflection- 
producing discontinuity. As shown in Fig. 25-5, the compensating discontinuity can 
be placed as far from the reference plane as the mismatch itself. Thus the frequency 
dependence usually associated with a separation between a discontinuity and the 
matching device is largely avoided. All this is done at the cost of some power loss. 
Assuming that the coupling coefficient in the directional coupler can be adjusted 
appropriately, then 

% power loss ■= (voltage-reflection coefficient) X 100 (25-6) 

In Eq. (25-G), the voltage-reflection coefficient is the value before the matching process. 
It is interesting to note that the loss incident to this matching process is greater by a 
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factor equal to the voltage-reflection coefficient than the loss associated with the use of 
an isolator [Eq. (25-1)]. It might seem that the problem of compensating for reflec¬ 
tions from a paraboloidal reflector back into the feed structure would yield completely 
to this matching technique. This is not entirely true in that reflections occur from 
the entire paraboloidal surface rather than just from that small area directly in front of 
the feed. Por the case of the usual paraboloidal reflector (d/J ^ 3) frequency band- 
widths of more than ±3 per cent are difficult to attain. 

Feed-hom Design. In the early development of center-fed paraboloids, popular 
feeds were those for which the waveguide entered through the center of the antenna and 
the energy was directed back toward the reflector by ingenious arrangements often 
involving parasitically excited half-wave elements or slots.® However, with the 




Ftg. 25-6. Gooseneck feeds. 

emphasis of the modern radar on wide frequency bandwidths and high power, such 
devices have been largely abandoned in favor of the direct horn feed. The most satis¬ 
factory of these direct-feed designs is usually the simplest, a gooseneck feed as shown 
in Fig. 25-6a, or variants thereof, one of which is shown in Fig. 25-6b. Often a counter¬ 
poise (Fig. 25-6c) is used which helps support the feed and, although not an electrical 
part of the feed system, ensures mechanical, and therefore electrical, symmetry. 

A Practical Example. Reasonably good results in predicting the pattern of the 
complete antenna in the two principal planes result from the procedures as described 
in Sec. 12.2 in which the free-space feed-horn pattern, the various tapers involving the 
area variation across the aperture, and the relative areas subtended by constant incre¬ 
ments in angle at the feed are taken into account in arriving at the aperture illumina¬ 
tion. This sort of calculation of the antenna pattern is often bypassed in radar 
antenna design. Some useful practical concepts will become apparent in a considera¬ 
tion of the feed-hom-paraboloidal reflector arrangement shown in Fig. 26-7a. Hero 
a feed horn of rectangular aperture with dimensions di X di illuminates a paraboloidal 
reflector. For di =» 0.455X and di = 0.835X, low lobes in the xz piano would bo 
expected by reason of the marked illumination taper across the aperture in that plane. 
Higher side lobes would exist in the ya plane where the shorter horn dimension di makes 
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for a less sharp illumination taper. Figure 25-8a shows the actual patterns with this 
geometry. To decrease the lobes in the yz plane, it is necessary to increase dimension 
di. The effect of this is illustrated in Fig. 25-86, where di has been increased 
to 0.852X. However, the lobe level in the xz plane rises as shown. This 
behavior emphasizes the fact that the patterns in the principal planes can be, in 
general, considered separately only for very approximate purposes. Here the increased 
taper in the yz plane has decreased the taper in the xz plane. The shading in Fig. 
25-76 and c indicates the taper across the incremental areas for the original and 
increased di. For the larger di, it is soon that the center areas are tapered relatively 
more sharply than the edge areas. Hence the contributions from the edge areas 
become relatively more effective than before; the over-all taper in the xz plane is lees 
than for di = 0.456X, and the lobes go up. Thus it is soon that di must be a minimum 
to permit the lowest side lobes in the xz plane. One corollary here is that only with the 



(c) 

Fio. 25-7. Aperture tapers as affcotod by feed dimensions. 

polarization as sliown in Fig. 27-7a (electric-field vector perpendicular to the xz plane) 
can minimum lobes be obtained in the xz plane with conventional waveguide feeds. 
Polarization with the E vector perpendicular to the yz plane does not permit the 
feed dimension in the yz plane to bo any smaller than that dictated by cutoff considera¬ 
tions. This (jffeet can be partially overcome through the use of dielectric-loaded or 
ridge-gui<l(^ feed types. 

Offset Paraboloidal Sections. A very satisfactory method of achieving a wideband 
impedance match for a pencil-beam antenna \itilizos an offset-fed paraboloidal section. 
This technique is illustrated in Fig. 26-9. The broadband impedance properties arise 
from (1) the absence of any directly reflected energy back into the feed and (2) the 
tendency for the back-scattered energy entering the feed system to cancel, since the 
phase of this (uiergy near its maximum amplitude is rapidly changing with small 
increments of s\ibteiuling angle at the food. This technique is increasingly effective 
as more “offset” is intmduced, although it has the disadvantage of increasing the swept 
volume of a mec.hanically scanned antenna. A nonradar example of radical offset is 
presented by the horn-fed paraboloidaP® antennas used for radio-relay communication. 

Lens Antennas. While the popularity of the parabolic reflector justifies the 
priority giv(ui in this discussion, refractive media (lenses) are also capable of producing 
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FEED HORN DIMENSIONS 
E =0.455 X 
H=0A75 X 
( 0 ) 




FEED HORN DIMENSIONS 
E=0.852 X 
H=0.835X 

(b) 

PARABOLOID E8iH PATTERNS 
DIAMETER=24.3 \ 

FOCAL LENGTH =ai X 

Fia. 25-8. Patterns associated with aperture tapers. 
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pencil beams. These media fall into one of three classes: (1) dielectric, (2) metal-plate, 
and (3) artificial-dielectric. Of these the metal-plate lens^^ has found more frequent 
radar application since the solid dielectrics (e.g., polystyrene, Incite) are quite heavy^* 
and artificial dielectric may exhibit unacceptable fragility. Even the metal-plate 
or acceleration lens has seen only limited use since it has two often serious drawbacks. 
First, the zone-stepping process necessary to contain its depth to a reasonable dimen¬ 
sion significantly diminishes its effective area, so that there is a loss in gain, compared 
with a reflector of the same size, of between 1 and 2 db. Second, in order to avoid 
incidence angles near critical values at the air-lens interface, an aperture/focal-length 
ratio of about 1 is typical. This contrasts with a value of 3 or so for the ordinary 
paraboloidal reflector and indicates the 
increase in size of the lens system. How¬ 
ever, there are other applications, par¬ 
ticularly in scanning by feed displace¬ 
ment, when the metal-plate lens appears 
to better advantage. In such a case, 
the good impedance properties and com¬ 
paratively loose mechanical tolerances of 
the lens system are corollary benefits. 

Cassegrain Antennas.* In a number 
of radar antennas, the feed system and 
the associated waveguide circuits become 
so sophisticated and massive that it is 
highly desirable to locate these items in 
the rear of the structure. Although this 
feature is automatically achieved with a 
lens antenna, the drawbacks mentioned 
in the last paragraph often severely 
reduce the attractiveness of this solution. 

Another possible type, the offset-fed 
paraboloidal section, combines a rela¬ 
tively accessible feed location with the 
simplicity and efliciency of the reflector 
method of focusing; however, the asym¬ 
metry of this configuration creates un¬ 
acceptable electrical performance in some 
applications, as woU as problems of a 
mechanical nature. It is due to consid- 
(^rations such as these that the double- 
reflector or Cassegrain system has in recent years been employed in a wide variety 
of radar and other microwave antennas. 

One form of Cassegrain antenna is indicated in Fig. 26-10. The main dish is a 
paraboloid and the auxiliary reflector, or ^^subdish,^’ is a hyperboloid. When the 
feed is lo<?ated at the near focus of the hyperboloid, and the focus of the paraboloid 
coincides with the far focus of the hyperboloid,^* the antenna radiates a collimated 
beam. As far as the main dish is concerned, there is a virtual feed located at its focus. 
In the example shown the virtual feed is smaller than the real feed; this property can 
be used to advantage in the design of certain antenna types, such as those involving a 
monopulse system. 

In order to eliminate what would otherwise be an intolerable amount of aperture 
blocking by the subdish, one form of Cassegrain antenna employs the polarization¬ 
twisting scheme illustrated in Fig. 26-11. A horizontally polarized feed radiates 

* Prepared by P. W. Hannan, Wheeler Laboratories. 
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Fio. 26-9. Offset paraboloidal antennas. 





Tig. 25-12. Radiation pattern of a twisting Cassegrain. 


designed to be invisible to vertical polarization. Typically this grating is embedded 
in a dielectric radomelike structure which extends out to the edge of the main dish to 
form an ideal support for the subdish. 

A radiation pattern for an antenna of this type is shown in Fig. 25-12. The first 
side-lobe level of -21 db is consistent with a combination of the - 12-db feed-pattern 
taper used in this case and the contribution from aperture blocking by the feed. In 













PENCIL-BEAM ANTENNAS 


26-13 

spite of a loss associated with the monopulse feeding system employed here, the 
antenna efficiency is 54 per cent. It is possible from this information alone to con¬ 
clude that there is practically no loss involved in the polarization operations within 
this antenna, including even those regions toward the periphery of the aperture. 

Several other forms are associated with the polarization-twisting Cassegrain system. 
One, shown in Fig. 26-13a, has a concave hypcrboloidal subdish. This yields a virtual 
feed which is larger than the real feed. Another form, in Fig. 25-136, has a fiat main 
dish and a concave paraboloidal subdish. In this case the feed must be small if the 
axial dimension of the antenna is to be reasonably short. Since all of the focusing 
is accomplished by the paraboloid, the flat reflector may be tilted without destroying 
the collimation properties of the assembly. This gives rise to an interesting appli¬ 
cation “ in which theoretically perfect wide-angle scanning is obtained by motion of a 
passive element in a coinpatsi system not having circular symmetry. 



Fig. 25-13. Alternate Casaegrain forms. 



Fig. 25-14. Simple Cassegrain with 
minimum-blocking geometry. 


Although the polarization-twisting technique is available for antennas which need 
only radiate one polarization, there are applications in the radar field, as well as in the 
communications and radioastronomy fields, which roqui^(^ polarization diversity. 
Under certain conditions, it is possible to achieve satisfactory i)crformance in a simple 
Cassegrain system having ordinary reflecting surfaces that arc not limited to any 
particular polarization. In Fig. 25-14, a system is shown in which the size of the sub¬ 
dish has been reduced by enlarging the feed and extending it forward until th(^ shadows 
cast by the feed and subdish are equal; this yields the minimum possible amount of 
aperture blocking. Wh(ui the geometry is optimized in this way, the proportion of 
th(^ aperture whi<di is bkx^ked is approximately 


aperture- block ing area 
total aperture anui 


2 (boamwidth in radians) (F/D) 


(25-7) 


whore the boamwi(lt.h refc^rs to the angle between half-power points of the antenna 
pattern and F/D is the foeal-hiiigth to diameter ratio for the main dish. This result 
may be applied in the rule clisc.ussed under feed-blocking elTecjts (See. 25.2) to obtain 
the approximate (iffect of this aperture blocking on side-lobe level. It is perhaps 
instructive to consider the. (example (liscusscd in that secstion, a l()-in.-diamct(T aper¬ 
ture with a 2-sq-in. feed-blocking area, and to determine the boamwidth of a simple 
Ciassegrain antenna which, if optimized as described above, would have the same 
relative blocking an^a. For an F/D of 0.3, this boamwidth would be 2.4®. Conse¬ 
quently, in applications reciuiring beam widths narrower than this, a simple Casse- 
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grain system can provide less relative aperture blocking than that indicated in the 
example. 

A radiation pattern for a simple Cassegrain antenna is shown in Fig. 25-15. 
Although the feed in this example is appreciably smaller than the optimum si^e for 
minimum aperture blocking, the antenna has a beamwidth of 0.6®, which is narrow 
enough so that a reasonably small amount of blocking is obtained; in this case a rela¬ 
tive area of 0.017. However, this blocking is by no means negligible; the first side-lobe 
level is —19 db, which is higher than that obtained with the previously mentioned 
twisting Cassegrain, even though the feed pattern is tapered somewhat further in the 
present case. In spite of the aperture blocking both by the subdish and by the metal 
struts used in this design to support the subdish, the antenna efficiency is 65 per cent. 
This compares favorably with the efficiencies of other practical antenna types and is 
indicative of the rather low-loss performance obtainable with a simple Cassc^grain 
system when the subdish is relatively small. 

NORMALIZED ANGLE ^ 



Fig. 25-15. Radiation pattern of a simple Cassegrain. 


In concluding this section on Cassegrain antennas, it is perhaps worthwhile to 
indicate the beamwidth ranges that have been most used for the two types. For the 
twisting type, although there is no special restriction as to beamwidth, the 1 ® to 3® range 
appears to be most popular. With wider beams the applications have usually been 
such that more conventional types have sufficed, and with narrower beams the Casse¬ 
grain with simple reflecting surfaces usually gives sufficiently good performance. 
For the simple Cassegrain, the beamwidths range from about 2® down to the vicinity 
of 0.00001®, if in the latter case it is permissible to depart slightly from the field of 
radar antennas to include the capabilities of the 200-in. telescope on Mount Palomar. 

26.3. FAN-BEAM ANTENNAS 

The cross section of the main bhe of a fan-beam antenna is markedly elliptical in 
shape in contrast to the approximate circular cross section of the pencil-beam antenna. 
The *‘fan” action is produced by an aperture in which one of the principal dimensions 
exceeds the other. This ratio is commonly in the range of from 2 to about 5. A 





FiO. 25-16. Cylizi(lri(',al reflectors. 


Cut-paraboloidal Sections. In the cut-paraboloidal antenna, offset feeding is 
almost always used in order to roducjc feed-blocking effects. The problems associated 
with the cut-paraboloid design involve chiefly the selection of the feed horn and the 
shaping of the reflector edge. If the principal dimensions of the cut reflector are di and 
^2 as in Fig. 26-95, them the ratio of the feed-horn beam angles of the primary radiation 
patterns in the two principal planes should approximately equal di/d%, Feed-hom 
flares should be gradual enough to avoid different phase centers for the illumination in 
the two pianos, with the resultant defocusing in one plane or compromise partial focus 
in both planes. 

Contouring of the reflector edge is often carried out on an equal-intensity basis. 
Equal-intensity contours are calculated from a knowledge of the unobstructed primary 
feed pattern with invcrso-squaro-distanco attenuation taken into account. The 
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reflector edge is then cut along a particular contour with the 15-db line the usual 

. choice. Thia produces a quasi-elliptical 

^ shape and helps the suppression of minor 

lobes by the introduction of the corre¬ 
sponding area taper. However, this equal- 
intensity contouring is more convenient 
than necessary since only equal spillover 
levels are maintained. The aperture 
illumination is not, in general, equal at 
the edge, nor is maximum efficiency or 
best gain/side-lobe ratio produced. As 
for any offset-fed paraboloid, the pattern 
can exhibit significant cross-polarized lobes 
even in the principal planes, since tho 
symmetry which minimizes these in the 
case of the full paraboloid is lost. 

The Parabolic Cylinder with Horn Feed. 
The parabolic cylinder with horn feed 
usually takes the form shown in Fig. 
25-16a. Here the cylinder is tilted for¬ 
ward by an angle d with the vertical and 
the feed horn placed on the focal line and 
inclined upward by an angle of 2B so that 
emergent rays are horizontal. Good 

Electric Company,) technique with lobe levels in the plane of 

„ ■fche parabola as low as 29 db over at least a 

S per cent frequency band. Since the geometrical arrangement to avoid feed obstruc- 





Fig. 26-18. Details of the 60-A antenna. 
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tion precludes coincidence of the feed plane and focal line of the parabolic cylinder, 
some, though not significant, defocusing occurs. 

The Parabolic Cylinder with Line Feed. A very satisfactory method of producing 
a fan beam or, for that matter, any special beam shape employs a line feed exciting a 
cylindrical reflector. It is recognized that the parabolic curvature may be in the 


plane of the shorter dimension, as in Fig. 
25-166, or in the plane of the larger dimen¬ 
sion, as in Fig. 25-16a. While the former 
arrangement is the more common, effec¬ 
tive results have been produced by the use 
of a “hog-horn** type of line feed,^® an 
enlarged view of which is given in Fig. 
25-16c. Figures 25-17 and 25-18 show an 
example of a radar antenna employing an 
offset hog-horn feed. The reflector is 
curved in only one plane. Patterns are 
shown in Fig. 25-19. 

Line Feeds. The line feed implied in 
Fig. 25-166 may take any of a number of 
forms, of which the pillbox and linear-array 
types are most common. The pillbox, or 
cheese, in British parlance, is itself a 
parabolic cylinder contained between two 
parallel metal plates separated by a dis¬ 
tance somewhat loss than one wavelength. 



Various types arc shown in Fig. 25-20. 
Of these, the single layer (Fig. 25-20a) is 
simplest, but it has the drawbacks that 
feed blocking and the effect on impedance 
of energy reflected directly back into tho 
feed arc apt to be troublesome. Tho 
effect of feed blocking is much more pro¬ 
nounced with cylindrical symmetry, as for 
a pillbox, than with circular symmetry, as 
for a paraboloid. As discussed in Sec. 
25.2, twice the feed-to-aperturo area ratio 
is added to the unblock<ui lobe level to 
determine th<^ approximate lobe level with 
feed blocking. This proceduni is still 
valid in the i)illh()X case, but here the area 
ratio is proportional to tho linear-dimension 
ratio, since one dimeiisioii is common. 
Typically, fo(ul hlocjking increiises the lobes 
by 1 to 4 db for a pillbox with a larger 
dimension of 40 wavedengths with a con- 
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DEGREES OFF AXIS IN AZIMUTH 
Fio. 25-19. 50-A antenna patterns. 


ventional waveguide feed and with polarization parallel to the pillbox plates. 


The effects of (mergy reflectiul directly biujk into the fw.d ('.an he (K>mbatod by the 


various means diseussed under center-fed paraboloids (Hoc?. 25.2), with the pattern 


penalty associated with ih<^ verttix-plato technique especially pronounced. The split- 
feed procedure (Fig. 25-206) is simpler to imploinont than for the paraboloidal case 


and gives good results. 

Both feed blocking and directly reflected energy can he largely avoided by the use of 
a double-layer,*® or folded, pillbox. This type is illustrated in Fig. 25-20c. The angle 









RADAR ANTENNAS 


26-18 

subtended by the reflector at the feed is typically something less (e.g., 160®) than the 
usual 180° value for the single-layer box. The fold itself has been made circular 
(lig. 26-20d) or squared off (Fig. 25-20e), both with good impedance and pattern per¬ 
formance over at least 10 per cent frequency band. The folded-pillbox type is more 
difficult to manufacture and to hold tolerances on than the single-layer. 

In Fig. 25-20ar-c polarization parallel to the metal plates has been implied. 
Although in principle, either parallel or perpendicular polarization should function 
satisfactorily, experimental evidence is overwhelmingly in favor of parallel polariza¬ 
tion. While parallel polarization imposes more stringent tolerances on plate spacing 
in that phase velocity is dependent on spacing, at the same time it permits spacers to be 



(a) (b) 



SECTION A-A 

Fio. 25-20. Line feeds of the pillbox type. 

used with little electrical difficulty. Also, in the single-layer case, feed-horn scattering 
is much more pronounced for perpendicular polarization. 


26.4. SHAPED-BEANC ANTENNAS 

This term describes the general antenna class in which the pattern in one or both of 
the principal planes exhibits other than a good side-lobe / gain compromise. By far the 
most common of these is the cosecant (also called cosecant-squarcd) type or closely 
related variants thereof.The cosecant designation comes about since for an air-to- 
ground or ground-to-air radar, constant signal return for a given separation in altitude 
between the radar and the target requires that the field strength or gain in the vortical 
plane varies as the cosecant or cosecant squared, respectively, of the angle measured 
from the horizon. This criterion assumes that the radar cross section of the target is 
range-independent. This concept is made clear in Fig. 25-21a where it is also evident 
that the same cosecant requirement obtains for the beacon as well as the two-way 
radar case. When the range variation of radar cross section and the influence of the 
cathode-ray-tube presentation are introduced, slight modifiers are introduced to 
produce, for example, a esc* Vcos or esc* \/cot gain-variation specification. The 
pattern in the azimuth planes is almost always designed for good directivity. 
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Such special beam shapes can be produced by almost any antenna type, including 
lenses,** dielectric rods,** cylindrical-reflector, and doubly curved reflector classes, 
both with various feed arrangements. In addition, shaped-pattern production is pos¬ 
sible in a two-dimensional array. 



R= h CSC0 AS FOR RADAR, IF G a csc^ 9 


IF G oc csc2 0 AND THEN SIG. RET.« CONSTANT 

h» CONSTANT. THEN 
SIG. RET« CONSTANT 


(a) 




Historically, the first shaped beams were produced by rather direct modifications to 
full paraboloidal reflectors. ** ()nc of these techniques involved multiple feeds, while in 
another, either (1) part of the paraboloidal contour in the plane of the shaped beam 
was modified or (2) a “8iK)iler’' was placed along part of the parabolic surface to 
achieve the desired beam shaping. 
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To take up the latter case first, Fig. 25-22 shows an interesting application of the 
spoiler. Here the spoiler takes the form of a grating. For polarization parallel to 
the grating elements, the grating is opaque and a cosecant-pattern shape is achieved as 

shown in Fig. 25-23. For the orthogonal 
polarization, the spoiler is transparent and 
a pencil-beam pattern results. Polariza¬ 
tion rotation is effected by a Faraday 
rotator in which a magnetic field is applied 
to a ferrite pencil. 

Multiple feeds for paraboloidal reflectors 
take advantage of the beam tilt produced 
by lateral shift of feed position away from 
the focal point to fill in particular angular 
regions as required by the beam shape 
desired. A judicious combination of horns 
fed from a common waveguide is quite 
effective. 

The ''barrel” reflector replaces one- 
half of the normal paraboloid by a figure 
of revolution produced by rotating tht^ 
generating parabola about a line through 
the focal point. The "shoveP' reflector 
replaces the lower third or so of a parab¬ 
oloid with a parabolic cylinder. 

The design procedures involved in all 
these early techniques were largely 
empirical. This family has been generally 
replaced by the optically designed cylinders or doubly curved surfaces. 

The largest number of shaped-beam antennas in use today utilize either the cylin¬ 
drical reflector with the line feed or the doubly curved reflector with the point or quasi- 





Fio. 25-22. An antenna whose vertioal- 
plane pattern may be converted to 
cosecant shape by electrical control. 
(Courtesy of the Berdix Aoiatiori. Corpora¬ 
tion, Eclipse Pioneer Division,) 



Fin. 26-23. The cosecant vertical-plane pattern of the antenna in Fig. 25-22. 

point feed. Lenses are seldom used, for the reasons discussed in Sec. 25.2. The* 
advantage of the cylindrical reflector with line feed includes its relatives freedom from 
cross-polarized response and minimum dependence of azimuth lobes and beam angle on 
the elevation angle. Its disadvantages are chiefly that the usual lino feed makot^ 
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it a heavier structure than the doubly curved reflector with its point feed and that it is 
less amenable to adjustment of the altitude setting of the shaped-beam vertical-plane 
pattern. 

The matter of the '‘altitude** of a cosecant antenna warrants mention. Clearly, 
the return from a target at any fixed altitude will be as nearly constant as the adher¬ 
ence of the antenna pattern to the prescribed function dictates. However, as higher 
and higher altitudes are considered, the nearly constant target return will become too 
weak to be usable. At this point, it is advantageous to vary the pattern shape to per¬ 
mit useful target returns from higher-altitude targets. Thus Fig. 25-216 shows 
idealized-cosecant patterns for different altitude settings. Note that the peak gain 
for each pattern diminishes and the initial 
angle above the horizon increases as the 
adjustment is set for a higher altitude. 

However, for any angle within the com¬ 
mon controlled region, the antenna gain is 
higher for the higher-altitude pattern, q 
W hile not rigorously correct, it turns out ^ 
that the areas of the polar plots of field ^ 
strength (volts per centimeter) are ap- ^ 
proximately constant for the cases where ® 
the azimuth patterns retain their relative 
shapes as the altitude is varied. 

Cylindrical Reflector with Line Feed. 

The design of the cylindrical reflector for 
a particular pattern shape follows a pro¬ 
cedure developed by Chu.*^**® In this, 
the pattern of the lino food in the plane of 
the curve of the reflector is first deter¬ 
mined, usually experimentally, over the 
full range of adjustment, which often takes m 
the form of a lip over a ground plane as ^ 
shown in Fig. 25-21c. The illumination < 
intensities at the reflector edges are selected ^ 

rather arbitrarily, with experience indicat- g 
ing that a value between —12 and —15 
db is a reasonable choice. In Fig. 26-2Ic 
the lower and upper reflector edges i)rovidc 

the high-anglo and low-angle radiation, ’ ' ELEVATION PATTERNS 

respectively. These roles could be inter- 25-24. The vortical-plano patterns of 

changed, in which case a reversal in the AN/Al*fl-23 antenna, 
curvature would be re(iuired, but the situ¬ 
ation shown is the normal arrangement and makes for minimum inU^rference between 
the feed and the outgoing radiation. 

The particular pattern of the feed selected within its range of adjustment is tabu¬ 
lated in power density as /(<#»). Details of the computation are then carried out as 
outlined in Chap. 12 (Sec. 12.6). P(0), the required shape of the far-field pattern, 
is expressed as P(6) - esc* 6 for the simple cosecant case. 

One typical antenna which has boon designed by this method is the APS-23 radar 
antenna. This particular antenna provides for an adjustable elevation pattern by 
providing an adjustable lip on the line feed. Typical elevation patterns obtained are 
shown in Fig. 25-24. 

Double Curved Reflector with Point Feed.*" Tho production of a shaped beam 
by this focd-rcflcctor arrangement is also disc.ussod in See. 12.5. 
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Figare 25-25 depicts a doubly curved radar anteana with a poiut feed, and Pig. 
26-26 shows representative patterns associated therewith. 

Practical Considerations in Shaped-heam Reflector Design. The procedures 
discussed above and in Sec. 12.6 ignore diffraction and are ray-optical methods produc¬ 
ing only a contour to which any proportionality constant may be applied. The fw- 
field pattern may be markedly dependent on the proportionality constant. It can be 
computed to include most diffraction effects by taking the o ptically calculated reflector 
contour together with the known field on the reflector as determined by the feed 
characteristics." However, this procedure is tedious, and it is not completely 
satisfactory in that edge diffraction and the effect of mechanical errors are difficult to 



Fig. 25-26. A doubly curved reflector producing a cosecant beam shape in the vertical plains. 
(^CoMrtevy of the General Electric Company) 

include in the computation process. It often turns out that some judicious pre¬ 
recognition of diffraction effects can make for a satisfactory pattern. 

In general, to exactly obtain a prescribed pattern requires an infinite aperture - 
Thus, with the usual finite dimensions at the designer's disposal, an “adjusted " design 
shape can be guessed at which, with diffraction, may be hoped to produce a, satisfats- 
tory approximation of the desired design shape. This is illustrated in Fig. 25-27, 
where the desired pattern is of cosecant form between the limits of 10 and 60°. For 
an aperture of about 10 wavelengths, experience has shown that if the design proccotlH 
on the basis of an “adjusted” requirement of from 6 to 70°, then the actual pattern 
will usually approximate the desired pattern to acceptably close limits within th<‘ 
required 10 to 60" range. Had the aperture available been larger in size or the desire'.< I 
pattern less sharp, as, for example, a cosecant shape beginning at 15° rather than 1 
then the adjusted requirement could he closer to the actually desired pattern. 

In the matter of specifications to impose on a shaped-beam antenna, there is littlt^ 
use in requiring adherence to, say, a cosecant curve when, for example, the entire 
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reflector, even if parabolic in shape, is not large enough to produce a beam as sharp as 
that of the cosecant curve at small angles. It is preferable to use the performance of 
carefuUy made antenna as a criterion by which subsequent units can be judged. 

For the doubly curved reflector, a considerable range of altitude control is possible 
by appropriate positioning of the feed. This desirable feature is not illustrated in the 
patterns shown (Fig. 25-26). It may be regarded as offsetting, in many applications, the 
disadvantage of the slight thickening of the azimuth beamwidth and the tendency for 


growth of the relative minor-lobe levels 
as the elevation angle increases. As for 
the general class of doubly curved reflec¬ 
tors, inevitable, but usually tolerable, 
cross-polarized lobes with minima on the 
axis of the main beam of the desired 
polarization are present, increasing in 
relative size as the elevation angle 
increases. 

Shaped-beam Arrays. There are sev¬ 
eral published synthesis techniques** that 
permit the specification of the phase and 
amplitude of array elements necessary for 
the production of any special beam shape 




Fig. 26-27. The "adjusting’* procedure in Fig. 26-28. The exponential array in tlio 
cosecant antenna design. broad face of a TEu waveguide. 


(also see Chap. 2). In addition, it is implied in the literature, though not specifically 
pointed out, that a linear array, with appropriate exponential amplitude taper and 
constant phase progression, produces quite an acceptable cosecant approximation 
when the elements of the array are half-wave, or near half-wave, elements, disposed 
so that the long dimension lies in the plane of the desired cosecant pattern. Such an 
arrangement is shown in Fig. 25-28. 

For the array structure, in contrast with the situation existing for the reflector 
antenna, a physical-optical approach is the direct approach and the designer can 
accurately and simply predict the shape of the final pattern. 

A variant of the array is the continuous slot,®* which is also effective in producing 
acceptable cosecant approximations. Often special waveguide geometries arcs 
required to adequately couple the guided energy to space. 

The shaped-beam array does not normally supply the usually necessary directivity 
in planes perpendicular to the plane of the shaped beam. Aperture size in the rc<iuiro( I 
dimension must be obtained either by building up a two-dimensional array by mi 
assemblage of properly phased and excited shaped-beam array units or by utilizing the 
array to illu m i n ate a parabolic cylinder.** This latter technique usually diminisliOH 
the angular range over which beam shaping is effective, compared with the army 
alone. 
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In this category are placed the general class of antennas which the directiv¬ 

ity above that given by usual criteria by variants of the principle lUusteated in lig. 
£.29 In a given pl^e, two beams are produced, e^h mth equ^ but opp^te 
displacement from the normal direction (usually along a hne of 

Some process is invoked to mark the equaUty of the return signals from the two beams, 


RELATIVE 



Fio. 26-29. Lobo-switching principle. 


or equivalently, the (litfcrenco between the amplitude of the return “gnab >s ma^ to 
vanish. ThiJ it is possible to make a very accurate determination 
coordinatew of a target. The sensitivity of a lobing system increases with the separ^ 
Sn between the twf> beams, as is miulc clear by the change in 

However, the gain of the system is correspondingly redueod. The usual comprom 
places the crossover 1 to 3 db below the peak of cither lobe. 

It is important to clarify the concept here: ornpiter 
distinguish between two or more targets at the same range) is no p 
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systems employing this technique normally expect a single target as a surface vessel 
or aircraft. If several targets are actually in the field of view (within a normal beam 
angle), then these lobing antennas can do no more than indicate the angular jDoaition of 
the instantaneous radar center of gravity. 

Mattress Arrays with Split Phasing. These are of interest chiefly for the place 
they take in the evolution culminating in the modern conical-scan, or monopuhe 
antenna. The SCRr268, the first fire-control radar” in the United States, had its 
elevation and azimuth receiving antenna each divided into two sections. The azimuth 
antenna arrangement is shown in Fig. 25-30. Two receivers are alternately energized 
in synchronism with the transmitted pulse so that the receiving beams are alternately 
skewed to one side or the other of the normal to the array. Equality of signal return 
is determined by means of oscilloscopes with displaced sweeps. The elevation receiv¬ 
ing system utilizes the same principle. 

This sort of arrangement is most conveniently exploited with an elevation receiving 
antenna, an azimuth receiving antenna, and a separate transmitting antenna. The 
space and volume extravagance thus implied can seldom bo tolerated in a modern 



Fig. 25-30. Uiagrammatio representation of the SCR-268 azimuth antenna array. 


radar. If, however, angular coordinates in a single plane, usually azimuth, arc suffi¬ 
cient, then a common transmitting-receiving antenna can be implemented with a 
mattress array,®* using either a mechanical or electronic switch to properly phase tlie 
antenna feed lines to accomplish the desired lobe switching. 

Conical Scanning. The conical-scanning principle**'** makes possible the collapse 
of a complex lobing-antenna system of the SCIt-268 type into one antenna which 
combines the function of transmission and reception and also provides completes 
angular-coordinate information. This is accomplished by a feed system whose oloc- 
trical center rotates in a small circle concentric with the focus of a lens or reflector. 
The antenna beam consequently lies along the surface of a cone whose apex coincides 
with the center of the aperture and whose included angle increases with the diameter 
of the feed circle. The energy return from a target situated along the mechanical axis 
of such a system is independent of the feed position. An off-axis target returns a signal 
modulated by the feed rotation. The amplitude and phase of this modulation (with 
respect to some reference as produced by a generator connected to the shaft of thtt 
motor driving the feed) define the angular location in space. 

The per cent modulation*® of the return signal voltage is given by 


M = 


4.$e^ 

jQ* - 1.2c2 - 1.2^* 


X 100 


(25-8) 


where e is the pointing error measured from the scan axis, ^ is the scan angle between 
the beam axis and the scan axis, and /S is the 3-db beamwidth. Equation (25-8) givi^H 
good accuracy up to e = As for any lobing system, ^ typically lies between 0.2^3 
and 0.5^9. 
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Feeds for conically scanned antennas are usually described as either nutaim or 
rotatina. k feed nutates (or nods) if there is some mechanical asymmetry. Fi^re 
26-31 mustrates a feed of this type in which the feed passes through the center of the 

drive-motor armature. ^ * t« o 

Mechanical asymmetry is not necessary to provide an oft.*ma pha^ center. In a 
dipole feed excited from a coaxial line, the unbalance-to-balance skirt can be naad 
only partially effective to permit some current to flow on the outside of the coaxial line, 
this arrangement produces an ofi-axis phase center,** and the structure is rotated to 
produce a conical scan. 


PARABOLIC REFLECTOR 
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ROTATION 



—ECCENTRIC HOUSING 

—SELF ALIGNING BEARING 
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SECTION A-A . ^ , j 

Fio. 28-31. Nutating c.onioal-soan antenna with Cutler feed. 

It is usually prcteralilc that the anUuina system retain the saino polarization inde¬ 
pendent of the scanning function as in the case for the nutating feed of Fig. A 

fixed polarization ilircction avoids unwanted polarization-dopondcnt 
effects!^ Conical scan with constant imlarization direction can also be ^ 

“ wobbling ’’ the reflector about a fixed feed. This process is particularly appropriate 

*°MoniUs"e 'system." In the lobing devices so far described, a number ra^ 
Dulses are reiiuircd to define tlie angular iiosition of the target. In the simple be 
pitching system, at least two sequential pulses are necessary for either bearing or 
Iv^S £rm;tion, while the conically scanned radar "s onyompkt^ 
or nearly complete, revolution of the scanning system before angular coordinates may 
be soocified Consequently, iii both the conical-scan and lobing systems, inevitab 
JuK>-io variatiL (gU^ting) in the target return pmduee --^esimbte modul^ 
tion. Tlius the tracking accunuty is affected, particularly in an a y 
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in which target-return variation is equivalent to the introduction of noise in the fol¬ 
low-up system. 

It is possible to extract aU the necessary information from a single target return and 
thus avoid glinting effects. Systems so arranged are appropriately designated 
“monopulsc.” Actually, it is the waveguide and feed arrangement rather than the 
antenna that distinguish the monopulse system. The monopulse principle is illus- 




Fia. 25-32. Monopulse principle. 


trated in Fig. 25-32a for the two-dimensional case. The hybrids, transmitter, siixici 
receiver, and difference receiver are so connected that the transmitted energy excites 
the antenna pair in phase and the transmitted beam is broadside to the antenna pt^ir. 
The system is directed to null the output of the difference receiver, at which oriciit.it- 
tion the target lies along the normal to the antenna pair. The sum receiver is avail¬ 
able for the normal radar display system. 

If the two antennas shown in Fig. 25-32a are symmetrically disposed about the foc*.al 
point of a parabolic reflector or a lens, then the arrangement is categorized as ii,TX 
‘^amplitude” monopulse system. If the antenna pair radiate and receive directly. 
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“phase” monopulse is impUed. In the amplitude system the amplitude of the exciW 
tion of the two feeds by a return signal will be equal only for an on-aM tar^t. In the 
phase system, the signal return into the two antennas is always equal but there will be 

phase equality only for an on-axis signal. ^ 

Either monopulse system can be extended to solve the three-dimensional problem 
by a more complicated feed arrangement, an example of which is outhned schematically 
in Fig. 25-32b. The sum-and-difference arms of the hybrid are designated S aim V. 
Again, the sketch describes cither the amplitude or phase monopulse systems, with the 
^tinction only whether the antennas A, B, C, and D excite a reflector or lens (ampli¬ 
tude monopulse) or radiate directly. r j r « 

The radiating structures shown in Fig. 25-32, while commonly used as feeds for a 
reflector or lens, arc not compatible with good (high gain/low side lobe) sum-^d- 
differcnce patterns from the antenna systems. The reason for this mcompatibihty 
becomes apparent from a consideration of Fig. 25-33, which shows two-dmension^ 
illuminations of a rectangular aperture corresponding to a small and to a large feed- 
horn pair." The illumination of Fig. 25-33o produces a system sum pattern with an 


SUM 


DIFFERENCE 



acceptable side-lobo level but the corresponding difference pattern (with illuinmation 
as in Fig. 26-335) exhibits side lobes only 11 db below the main lobe. In practice, the 
gmn loss will bo high, not only because of the inollicicnt illumiimtion, but also because 
5f the high spillover implied by the large edge energy. Similarly, the difference 
system pattern associated with the double-looped illumination of Fig. 26-ZZd produces 
a system pattern with a satisfacdory level of side-lobe suppression. Hoover, the 
gain loss of the corresponding sum pattern (with illumination ^ m Fig. 25-33c) wou 
generally be regardcil as excessive. Although the sunMlifferonce corr^pondence 
Llieated is simplified for t.he purposes of fllustration, the effeot is qualitatively as 
described; (1) a simple feed design for a good sum pattern is, in antiphase exoitatwn, 
too small to yield a good difference pattern, and (2) a simple 
difference pattern is too large, in in-phase excitation, to yield a good sum • 

It follows that essentially independent control of aperture illumination is reqmrod 
for eflieient operation in suni-and-differciice inodes, 

approached in various ways, perhaps t.he siniplcst of which is illustrated - 

which shows a feed struct ure to be used for lens or 

mode, only the center four-horn cluster iriiorf is used However 

mode an ilium inat,ion approximating a double-looped characteristic (Fig 26-a^3d) h^ 

,H.en <len..,nstrat,cd to be desirable. Thus a larger feed-horn aperture will be requued. 

Appropriately, the two tour-horn clusters aegk and bdef are operated m phase opposi- 
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tion for the iDeariiig-differeiice mode. For the elevatioa-difference mode, the two 
four-horn clusters abjk and cdlm are similarly treated. 

This twelve-hom clustex, in itself more complex than the simple four-horn feed, 
requires a more complicated hybrid structure. However, this complexity can produce 
a 2—3-db improvement in difference gain and a 3-8-db improvement in difference 
minor-lobe suppression compared to a four-horn feed with dimensions selected to be 
optimum for sum operation. 



Fia. 25-34. Twelve-horn monopulse cluster and associated hybrid arrangemont- 

For an array used in a phase-monopube system, the independent control of suiii- 
and-difiference illumination is as necessary for optimum sum-and-diffcrence pattoriiH 
as in the amplitude-monopulse system just described. Such independence can bn 
achieved but at the cost of a complexity which increases rapidly with the number of 
array elements. 

25.6. FEED-HORN DESIGN PROBLEMS 

The usual feed for a reflector or lens antenna is a waveguide exciting a sectoral or 
pyramidal horn or perhaps simply open-ended. However, for reflector antcnnaH^ 
“rear’* feeds find some application. In these, the waveguide enters through the 
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vertex of the reflector and the radiation is variously directed back toward the reflector 
by such methods as an arrangement of slots or by the use of a “splash ” plate. 

Open-ended Waveguides. The simple open-ended rectangular waveguide is not 
particularly well adapted for use as a paraboloid feed for the reason that the radiation 
patterns in the two pianos (E land H) differ significantly in directivity. For the usual 
rectangular waveguide dimensions, in the E plane the included angle between the 10-db 
levels is about 180°. This angle in the H plane is approximately 120°. For a parab¬ 
oloid diameter/focal-length ratio of 2.5 (a common value), the total included feed 
angle is 128°, which satisfactorily approximates the /f-plane included angle but not the 
E-plane angle. This does not mean that the simple open-ended rectangular wave¬ 
guide is useless. As a matter of fact, in 
a fan-beam antenna, and in a pillbox in 
particular, the reflector proportions may 
be such as to make this feed type ideally 
suited. 

The obvious, and in fact effective, 
moans of improving this situation for a 
paraboloid is to utilize a sectoral horn for 
which the dimension in the E plane is 
increased by means of a gradual flare to 
make the E- and H-planc directivities 
equal at about the 10-db points. For 
this situation the jHf-plane dimension is 
still greater (by a factor of about 1.4) 
than the E-plane dimension since there is 
sinusoidal taper in the H plane. Food 
blocking is consequently a little diflferent 
in the two pianos, and the radiation 
patterns of the reflector system in these 
places may be expected to differ. Near 
identity of the patterns in the E and H 
pianos can be approached by lining two 
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Fig. 25-35. Special food-horn types: the 
box horn and the dicloctric-linod horn. 

walls of the horn with dielectric, as shown in Fig. 26-36. This stratagem can nearly 
(ilimmivto the H-plano sinusoidal taper and thus make it possible for a square horn to 
provide almost identical food patterns. . • j • 

The radiation pattern of an open-ended circular waveguide*® operating in the domi¬ 
nant TEn mode is actually bettor adapted for a feed-horn application than a cor¬ 
responding rectangular waveguide, since the patterns in the principal planes are 
more nearly ecjual. To produce the reciuired directivity for paraboloidal excitation, it 
is nocewsary to increase the circular-waveguide diameter to about 0.8X, which dimen¬ 
sion is large enough to support the unwanted TMoi mode. Particular care must be 
taken U) ewtape inadvertent excitation of this higher mode or conversion to an elhptical 
TKii form. Thcs(». considerations dictate close mechanical tolemnces and gradual 
tapers. Then, too, long runs of circular waveguides are best avoided through use of 

rcctangular-to-circular transitions. . . xv + r 

The Ring-focus Feed. A particularly useful feed-reflector arrangement is that ot 
the riug-tocus piiraboloid" and splash-plato food combination as given in Fig. 26-36. 
A rear food consmting of an opon-endod circular waveguide with a reflecting plate hM 
been found to produce a pluuw conUtr lying idong a circle (ring). As a consequence, the 
simple paraboloid is unsatisfactory for the main reflector and must bo replied by a 
flguro ot revolution generated by nwolving the parabola given below about the x axis. 

(l/ — *)* “ V* (26-9) 
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In Eq. (25-9), a is the radius of the circle on which the feed lies. The surface occupy¬ 
ing the “hole’’ in the center of this surface is satisfactorily a plane. The gain of 
this antenna system is probably better than any other rear feed system. The second¬ 
ary-lobe discrimination is not quite as good as a conventional system by reason of 
the hole in the center of the surface. 

Cutler Feed.* The double-slot, or Cutler (after C. C. Cutler), feed is useful when 
a compact rear feed is required to operate with acceptable impedance characteristics 
(VSWR < 1.3) over a 6 per cent frequency band. This is shown in Fig. 25-31. 
Despite the tapered waveguide, the directivity in the electric plane is a little greater 
than in the magnetic plane. This feed is not suited to high-power radar application in 
view of the constricted waveguide and narrow slot widths. 



The Feed Seal. The antenna feed system is particularly vulnerable to voltage 
breakdown since (1) the geometry is often complex and (2) the waveguide pressure 
system usually ends at the feed. For the air-bome application, this latter situation 
means that the pressures external to the dielectric seal at the feed will be those existing 
at an altitude of many thousands of feet. Large sealing structures are required in a 
high-powered radar to ensure that the field strengths in the low-pressure regions are 
below the breakdown values. Careful design is necessary to avoid adversely affecting 
(1) the impedance match to the transmission line and (2) the primary feed pattern. 
Figure 25-37 shows an arrangement successfully used as a feed horn and seal in an 
X-band pillbox line feed. A word of caution is appropriate regarding testing for 
breakdown at any altitude. Such tests are virtually meaningless without the inclusion 
of a radioactive source, such as Cobalt 60 (5 to 15 millicuries), to remove the uncer¬ 
tainty of breakdown as critical values are reached. 

Feed Flanges. Some success has been had from the addition of flanges to feed 
horns to produce special primary-pattern shaping.^^ The currents flowing on the 
flange surfaces add their contribution to that of the radiating orifice. Since the 
flanges are necessarily separated by, and are usually as large as or larger than the ori¬ 
fice, the introduction of considerable ripple on the primary pattern is the characteristic 
effect of flanges. An arrangement in which proportioning is correct to insert a 
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pronounced dip in the center of the primary pattern is useful in reducing direct reflec¬ 
tions back into the feed of a center-fed antenna system. The minor-lobe enhancement 
associated with a shadow at the aperture center is not escaped. 

The Box Horn. Another method of approaching a uniform feed-horn aperture in 
the H plane utilizes the “box horn. ”^2 The box horn has its H-plane dimension largo 
enough to support the TEao mode. The properly phased addition of the TEio and 
TEao modes combines to produce nearly uniform field intensity along the H-planc 
dimension. TEso excitation is effected by the abrupt discontinuity shown in Fig. 



Fig. 26-37. An X-band lugh-powor high-altitude broadband antenna feed seal 

26-35, in which the symmetry avoids even-order modes. The box horn is somewhat 
more narrow band in a('.complishiiig a given pattern than the dielectric-lined food horn. 

26.7. LINE SOURCES 

A cyliiulric.al reflec.tor reiiuircH a line source (lino feed) to furnish the beam control in 
its plane dimension. By far the most common of the lino sources is the pillbox men¬ 
tioned in Sec. 25.3. In addition, linear arrays find occasional application and usually 
represent a volume savings over the pillbox antenna. However, except for special 
applications, the pillbox is generally to be preferred for its simpler structure (often 

even lighter weight). , -xv • 1 

Pillboxes. This antenna type is illustrated in Fig. 25-20. It can bo cither single- 
layer or double-layer*® (folded). Excitation in either of the two structures can be m 
the TEio mode, with the electric vector parallel to the pillbox plates (parallel polariza¬ 
tion), or in a TEM mode, with electric vector perpendicular to the plates (perpen¬ 
dicular polarization). 1 . x- 

Perpendicular polarization has the following advantages over pajallol polarization. 
It permits attainment of a lower minor-lobe level, and mechanical tolerances are 
less stringent. However, its gain will be lower than that of a parallel-polarized pillbox, 
and spacers, often noccssary for maintenance of structural integrity, are likely to be 
more troublesome. This last objection is not insuperable for the reasons that (1) mcta.1 
honeycomb construction can often supply the necessary rigidity without spa^rs, and 
(2) as will bo soon, resonant spacers can be designed to avoid most electrical difficulties. 
In addition, for the perpendicularly polarized pillbox, cracks or gaps between various 
surfaces, as between the feed and the pillbox, are likely to interrupt lines of current 
flow, and consequently to radiate. For the parallel polarization, such gaps are usually 
not a matter for concern. 
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The superior minor-lobe discrimination of the perpendicularly polarized pillbox 
arises from the ease with which the aperture illumination can be sharply tapered and 
the difficulty, or near impossibility, of such tapers in the parallel-polarization case. In 
the former, the electric intensity must vanish at the conducting walls of the aperture 
edge. No such constraint exists for the orthogonal polarization, and a minor-lobe 
discrimination beyond 20 db is rare. 

Metal spacers, when necessary, are troublesome for both pillbox types, though cer¬ 
tainly more so for the perpendicular polarization, which aligns the electric vector 
along the spacer. While a spacer whose diameter is small compared to a wavelength 
(<X/8) is substantially invisible in the parallel-polarized pillbox, such a diameter is 
often mechanically inadequate especially at X-band and higher frequencies. For this 
situation and for about any frequency for the perpendicular pillbox, resonant spacers 
are used. Examples are shown in Fig. 25-38. Design proceeds along empirical lines. 
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Fig. 25-38. Resonant pillbox posts. {Reference 20,) 


A particularly significant difference between parallel and perpendicular polarization 
comes to light in an examination of the relative gains of the two pillbox types. How¬ 
ever, for the perpendicularly polarized pillbox, there is some mechanism, possibly 
feed scattering, producing a gain reduction of about 1 db after all accountable adjust¬ 
ments for spillover, amplitude taper, etc., are made. No such reduction obtains for 
the parallel-polarized pillbox. 

It has already been mentioned that the single-layer pillbox design which places the 
feed in the radiation path gives rise to difficult impedance-match and feed-shadow 
problems. Both of these can be overcome by a double-layer pillbox. However, such 
a pillbox introduces its own set of problems. The septum spacing (a in Fig. 25-39) 
must be chosen to prevent propagation of unwanted modes inevitably excited in the 
bend. The criterion means that in the TEio pillbox, a < X. In the TEM box, 
a < X/2. The effect of septum thickness, plate spacing, and separation from the 
parabolic bend is evident principally in the input-impedance characteristic. Rotman 
reports a relationship as given in Fig. 25-39 for the double-layer TEM pillbox. 

Linear Arrays. Perhaps the best-known Hnear array functioning as a line feed is 
found in the World War II Eagle antenna** of the AN/APQ-7 radar. This X-band 
antenna consists of an array of 250 half-wave elements probe-excited from a waveguide, 
with flaps attached to the structure to form a cylinder which produces an approximate 
cosecant pattern in the vertical plane. Movable waveguide walls which change the 
phase progression along the array effect a rapid scan (Chap. 15). This antenna 
admirably fulfilled its design function as a fixed-frequency equipment. 

The last statement in the preceding paragraph implies the characteristic of linear 
arrays which often limits their application. The modem radar is almost always a 
broadband radar (A/// > ±3 per cent). A line-feed array of a useful length is 



REFLECTOR DESIGN PROBLEMS 


26-35 


inevitably end-fed if good impedance match and high efficiency are to be maintained 
over the band of operating frequencies. As the frequency is changed, there is pro¬ 
duced a change in interelement phasing which shifts the spatial direction of the radia¬ 
tion peak. This behavior is the more marked if the transmission system is dispersive 
as for the Eagle antenna or for slots cut in a waveguide. 



Fio. 26-39. Impedance properties of single-layer TEM pillbox. (Reference IBO.) 


This fre(nu^n<iy-bcam shift relationship docs not per so exclude the end-fed array 
from (consideration as a line feed. It can, in fact, be exploited as a scanning device. 
Alternatively, the frequency control may be arranged to insert an appropriate bias 
into the radar indicator, its computer, or into the mechanical positioning of the 
antenna itself. Tlu^ compli(‘.ation8 thus implied must be weighed against the added 
volume of a pillbox line food in arriving at a choice between these line-feed types. 


26.8. REFLECTOR DESIGN PROBLEMS 

In this diH(;ussion of radar antennas an antenna reflector has heretofore been 
assumed to be a continuous conducting sheet whose contour conforms exactly to that 
prescribed by the mathematics of the design. Certainly the latter is never true. 
And the continuous sheet may be perforated, replaced by a structure of slats, rods, 
or even wire omlxMlded in a dicbctric, to save weight or minimize windage or sea¬ 
water resistance. 

Effect of Reflector Errors. Manufacturing processes are never perfect, and reflec¬ 
tors will always deviate from the desired contour. Sometimes such deviations are 
part of the design for manufacture, as would bo the case, for example, with rivet or 
bolt heads. In general, inadvertent errors increase with the physical size of the 
antenna. As an (sxainple, a G-ft paraboloidal reflector can, with careful processing, 
be produced with a surfa(?e error of no more than ±0.02 in. For a 60-ft diameter, 
this tolerance might be expected to increase to ±0.20 in. 

The principal result of reflector errors is the increase in the minor-lobe level and 
pattern minima, (lain is correspondingly reduced, but beam-angle widening, while 
inevitable, is often not as significant. This effect is likened by Gilbert and Morgan*^ 
to that produced by a background-noise level which adds in a random way to the 
nominal pattern. Such a background level would bo expected to have its maximum 
influence on pattern minima and a significant effect on the minor-lobe level and to 
produce relatively minor change near the peak of the radiation. 
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The tol e rw,""** for paraboloidal reflectors is usually set somewhere in the range of 
+X/16 to ±X/32 to produce a deviation in radians between t/ 8 to w/lfl from the 
desired equiphase surface at the aperture. These values are m good as any other 
arbitrary choices. However, it is desirable to know what penalty accrues when, for 
example, high-frequency operation or large physical size makes impossible their 
attainment. Then, too, when more stringent tolerance can be satisfied, it is wcU to 
understand what improvements can be thus secured. 

There are two ways of approaching the solution to the problem so posed. The 
first is a statistical attack" in which the probability of a cert^ reduction in gam 
and enhancement of minor lobes can be determined for a random phase error of a 
given magnitude. The second involves the computation of the maximum gain loss 

possible for a given peak-phase error." „ . ,, - 

Ruze’s calculation of the average minor-lobe levels as affected by various a,mount8 
of random phase error for a paraboloid is shown in Fig. 2-26. The correlation interval 
referenced is that separation at which the errors are essentiaUy independent. Figure 
2-26 is an example of the statistical approach from which is seen the rapidity of the 
increase in the minor-lobe level with increasing reflector error. 

The **maximum-effect” procedure of Cheng** yields 


AG‘<201og^ 


m* 


( 26 - 10 ) 


where Aff is the gain reduction in decibels produced by a maximum phase deviation 
of m radians. Equation (25-10) is an approximate relationship which gives useful 
results for values of m up to ir/4. It obtains for either a circular or rectangular aper¬ 
ture and for any ampUtude taper. For m = t/8 and m = w/16 
tolerances of ±X/16 and ±X/32, respectively), the gam reductions arc 0.7 and 0.17 dl. 
Although these values represent maxima, it is evident that a ± X/32 tolerance is worth 
striving for. This is borne out by the fact that the half-power beam-angle increase 
for a uniformly illuminated circular aperture may be as large as 11.2 per cent for 
a ±X/16 tolerance. This figure is but 2.8 per cent for a ±X/32 reflector tolerance. 

Interrupted-surface Reflectors. All interrupted-surface reflectors (grating, per¬ 
forated surfaces, screens) can be regarded as waveguides beyond cutoff. The leakage 
through these reflectors and the consequent penalty in efficiency dimmish as (1) the 
cutoff-controlling dimension decreases and (2) the length of the equivalent cutoff 
waveguide increases. For example, a typical perforated reflector has roimd holes 
spaced about 0.6X between centers with a diameter of 0.25X. Since cutoff for the 
TEii mode corresponds to a diameter of 0.585X, skm thicknesses sufficient for struc¬ 
tural integrity generally ensure negligible transmission loss. ^ 

In addition to the leakage, these reflectors differ in another important particular 
from the continuous^urfaoe type. Reflections from a continuous surface can admit 
but one maximum whose direction is given by the optically reflected ray. Reflections 
from say, a grating produce the same optically defined maximum, but depending 
on the spacing and angle of incidence, can form another maximum at an angle such 
that the contributions from each grating element differ in phase by 2ir radians, and 
consequently reinforce a second time. In order to place the position at which the 
second maximum appears beyond the range of the real angle, the oentcr-to-conter 
spacing of the elements must be less than X/(l -I- sin 9), where 6 is the angle between 
the incident ray and the normal to the grating element itself. 

Grating formed of edgewise strips are deservedly a popular member of the clMS 
of polarization-sensitive interrupted-surface reflectors. Polarization sensitivity 
dictates that the electric vector of the incident ray lie in a plane determined by the 
incident ray and the grating element. Silver*' presents some empirically derived 
relationship between strip spacing, thickness, and depth. 
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The grating reflector permits reflector-contour adjustment by the process of sliding 
one set of strips through a stationary set. The edgewise grating strips for a typical 
application have a X/4 bctween-center separation and a X/4 depth. The thickness 
is X/32. Measured transmission loss is 15 db, corresponding to a gain loss of }i db. 



TRANSMISSION THRU A GRID OF WIRES 
Fig, 25-40. Tninsmission through a grid of wires. ^Reference 45.) 

Wire reflectors lu^ld in position by a dielectric binder usually offer a significant 
weiRht HtvviHR ov«r llio rollfictar. Tho requirementB on BpiwiinR and 

polari!iali(»n dimnitwod for RratiiiRH obtain for wire ronoctorH. Muniford" luiH pre¬ 
paid a conveniont nomograph rolating traiiHinittcd power Iohb, wire Hpaoing, and 
wire diameter. The aeeuraey of tluH nomograph, reproduced in Fig. 25-40, has boon 
0Btal)liHlied by (ixi)erimental c.hcckB to be wliglitly l)Ottor than ± 1 db. 
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26.1. INTRODUCTION 

In many operational uses of radar, it is desirable to reinforce the radar response by 
means of a l)(?a<?on sysi-em. The beacon transponder, whoso response is frequently 
coded for navigational or homing puri) 08 cs, operates in conjunction with an antenna 
system which luis an omnidirectional response in the azimuth plane. In order to 
maximize the response for a given amount of transmitter power, it is usually desirable 
that the Ix^acon ant<uina have a nominal amount of antenna gain. This gain can 
only be obtained by narrowing the vertical plane pattern. 

For ground- and ship-borne antennas, the vortical gain is normally obtained by 
stacking a number of elements in a linear vertical array and feeding the elements so 
that their contributions combine in phase in the horizontal plane. Depending on the 
radar with which tlu‘. Ix^acon is used, the polarization of the beacon antonna may be 
either vcrtic^al or horizontal. For either ctisc, the array consists of a number of 
linearly polarized elements and a food system to excite the array elements with energy 
of the proper amplitude and phase. The preliminary design of a beacon antonna is 
based on the gain required and its vertical radiation pattern. The effect of aperture 
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height has beea discussed elsewhere in this book and the reader is referred to Chaps. 2 
and 5 for details. The following sections treat some of the techniques which have 
found application in the design of microwave beacon antennas. 

26.2, VERTICALLY POLARIZED RADIATOR ELEMENTS 

Horizontal Slots. A verticaUy polarized field can be established by cutting hori¬ 
zontal slots in a vertical waveguide in such a way as to interrupt vertical currents 
flowing in the waveguide. A suitable radiating element will result if the slots are 
placed symmetrically on a circular cross section of the waveguide and if the currents 
exciting them are equal and in phase. This situation is found to hold for the coaxial 
(TEM) mode and for the TMoi mode. As a general rule, it is found that if the slots 
are placed so that the distance between their effective centers is X/2 or less, the 
azimuth pattern will be reasonably symmetrical. For horizontal slots, this presents 
a problem, since slots much shorter than X/2 may present difficulties in impedance 
matching. A more serious problem is that of suppressing the higher-order lobes 

which may appear in the vertical plane if the radiat¬ 
ing elements are not sufficiently close together. 
This requirement ordinarily makes it impractical to 
use any other than the TEM mode, since the slots 
are excited directly by the mode currents and no 
convenient procedure exists for the forced reversal of 
the exciting current in alternate slots. The use of 
dielectric loading in coaxial line solves this problem 
completely, and simultaneously permits the use of 
a continuous circumferential slot, as shown in Fig. 
26-1. This element possesses an exceedingly uni¬ 
form pattern, and arrays have been constructed with 
excellent vertical patterns. The problem of imped¬ 
ance matching can be handled by the choice of slot 
width, since the series impedance of this element can 
be varied over a wide range. The problems and 
difficulties with this element are primarily due to the dielectric material which is 
used in those parts of the antenna where the field distribution is critical. In order 
to obtain reproducible results, the electrical properties of the dielectric must be very 
closely controlled and careful consideration given to thermal and mechanical require¬ 
ments of the antenna. 

Vertical Dipoles. Another useful radiating element for vertical polarization is 
shown in Fig. 26-2. It consists of a pair of half-wavelength vertical dipoles sup¬ 
ported by a three-wire type of feeder on a small coaxial line. The vertical elements 
are fed in phase with a spjteing of about a quarter of a wavelength. The azimuth 
pattern which results is oval in shape with a minimum in the plane of the dipoles 
which is smaller than the maximum by a factor of about 1.6 as a result of the currents 
flowing oa the outer surface of the coaxial line. A two-element array of this type 
has a VSWR mder 1.3 over a 7 per cent frequency band when the feeder is directly 
connected to the inner conductor of a 50-ohm coaxial line. 

Vertical Cylinders. Radiating cylinders such as are shown in Fig. 26-3 are a 
natural and useful extension of multiple vertical dipole elements, since they yield 
reasonably uniform azimuth patterns and are inherently more symmetrical and rugged. 
Two types are used in S-band where standard-size J^-in. coaxial line permits three 
feed points to be placed so that azimuth patterns with a threefold symmetry are 
realized with a ratio of maximum to minimum power of 1.6 to 1. These feed points 
are excited by three-wire lines of sufficient length so that flexible, reasonably broad 



Fio. 26-1. Vertically polarized 
slot radiator for coaxial line. 
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band impedance matching can be achieved. In one type of element, as used in the 
array shown in Fig. 26-4, the cylinders are a half wavelength long and are fed from 
both ends. This not only permits a rugged construction because the cylinders can 
be supported at both ends, but yields a more uniform azimuthal pattern since the 
alternate feed points can be displaced by 60®. 

Cylinders slightly less than one-quarter wavelength long as shown in Fig. 26-6 
were found to bo somewhat easier to match in shorter arrays, and more flexible in 
that the same unit could be used over a 20 per cent frequency band. Here scallops 
were cut in the cylinders to reduce the input capacity at the feed points to tolerable 
levels. The elevation patterns of this antenna taken at 9, 10, and 11 cm have a half¬ 
width of approximately 50®. With the exciting probes fastened directly to the inner 
conductor, the VSWR of this antenna is less than 1.25 over a 20 per cent frequency 
band. 



Fig. 20-2. Vertically polarized double dipole 
olcmont {H clciiKMit). 




Fio. 2C-3. Vertically polarized cylindrical 
oloment. 


26.3. HORIZONTALLY POLARIZED RADIATOR ELEMENTS 

Tridipole Radiators. For freciiioncies above 1,000 and below 3,000 Me, where it is 
practical to enc.loso the antenna completely in a plastic cover, and where the standard 
coaxial lino is still largo enough to be a reliable structxiral member, the radiating 
element shown in Fig. 26-6 has proved to bo a very flexible and useful design clement. 
This clement consists of thrcjo half-wave dipoles arranged on the circumference of a 
circle. Each of the dipoles is fed by a three-wire line, where the central line servos 
as a probe to couple the dipole to the interior of the coaxial line. When these dipoles 
are equally coupled to the coaxial lino, the azimuth pattern of a single element has a 
uniformity which is better than 1.7 to 1 in power from 9 to 11 cm. Actual patterns 
arc shown in Fig. 26-7. Similar elements constructed for use at longer wavelengths 
and compressc^d in size by capacitively loading the ends of the dipoles have even more 
uniform patterns. The impedance characteristics of single elements can bo con¬ 
trolled by the choice of the length of the dipole lengths, and experience indicat<‘.s that 
one, two, or three elements can be directly coupled to the coaxial line with a VSWR 
less than 1.4 over a 10 per cent frequency band. 
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Mtiltiple Slots on Circular Guide. Above 3,000 Me, waveguide is sufficiently small, 
and the dimensions of dipoles so critical that it is convenient to construct horizontally 
polarized beacon antennas by locating vertical slots symmetrically on a circular wave¬ 
guide. The cross section of such a radiating element is shown in Fig. 26-8, where 
seven slots one half wavelength long are cut symmetrically in a iK-in. cinmlar wave¬ 
guide excited in the TMoi mode at X-band. Since the current flow in this mode is 



Fig. 26-4. Vertically Fig. 26-0. Tridipolc radiator, 

polarized antenna 


array using X/2 cyl¬ 
inders. 


entirely axial, axial probes must be added to the structure to induce a voltage across 
each of the slots. On alternate bays, which are spaced by a half wavelength in guide, 
the position of the probes is reversed so as to maintain in-phase excitation. It should 
be observed that for the dimensions and frequency chosen, the spacing between the 
slots along the pide is only slightly less than a half wavelength. For this type of 
element, the azimuth pattern is essentially uniform within experimental error. 

A number of applications of this type of antenna require separate receiving and 
transmitting antennas. Since these are most conveniently placed one above the 
other, coaxial line operating above cutoff for some of the lower modes can be used as a 
feeder. Figure 26-9 shows the azimuth patterns at 3 cm of circular arrays of four 
and six slots cut in a coaxial line 1 in. diameter. It should be observed that the six 
slots are very nearly one half wavelength apart circumferentially, and that the 
pattern deteriorates rapidly with the larger spacings obtained with a smaller number 
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Fio. 26-7. Pattorna of a tridipolo unit in the piano of tho unit. 




CURRENT FLOW INDUCED BY 
PROBES. 

TRANSVERSE ELECTRIC-FIELD 
CONFIGURATION OF UNPERTURB¬ 
ED MODE. 


Fig. 26-8. Axially flymniotrieal radiating unit formed by a circular array of slots. 
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of slots. Attempts to use seven slots in this size line were unsuccessful, this difficulty 
being attributed to mutual impedance coupling around the cylinder. Both of these 
antenna feeds are capable of supporting inodes other than the symmetrical TM mode 
required. Providing the desired mode is established in pure form by a suitable 
rectangular-to-round waveguide transducer, the exciting probes will not establish 
imdesired modes if reasonable care is taken to ensure that the probes are equally 
coupled to the waveguide. 


210* 200* 190* 180® 170® 160* 150® 



330® 340® 350® O® 10® 20® 30® 


Fig. 26-9. Patterns of circular arrays of four and six slots on coaxial lino of 1-in. outside 
diameter. 


26.4. PEED SYSTEM CONSIDERATION 

Loaded Line Analysis. The phase of the radiated signal from a single-array element 
is determined primarily by the phase of the exciting voltage. This in turn is estab¬ 
lished by the spacing between the elements of the array. Since most practical array 
designs involve radiating elements which are equally spaced on the feed line, the 
phase and amplitude of the driving voltages can be determined from the parameters 
of the loaded line. Consider a line whose characteristic impedance is and whose 
complex propagation constant is y = a -l-yjS, which is loaded at equal intervals t 
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by identical radiating elements. The radiator can be regarded, in general, as a sym¬ 
metrical passive four-terminal network inserted between two equal line segments. 
Such a network can be replaced by a T or rr section equivalent having impedance 
elements Z\, Z 2 , Z 3 , or Za, Zb, Zg, respectively. For the symmetrical radiating ele¬ 
ments assumed, Zi = Zs and Za * Zc. Now, as is well known, a section of uniform 
transmission line of length t also has equivalent T and t section representations. 
For the T section 

« 2 * = Zo tanh 22 = Zo/sinh (y-C) 

and for the tt section: 

za •= Zc = Zq coth Zo sinh ( 7 /) 

Replacing both the radiators and the line segments by their equivalent T sections, 
the loaded line is reduced to a cascade of networks as shown in Fig. 26-lOa. Here A 



(c) 

Fig. 20-10. Network Hystoin <»<iuivalont to a loaded transmiHsion lino, (a) T section 
rcplaconnuitH of radiators and Hint HcgtncniH, (h) roduction to symmetrical networks, 
(c) TT Hoc.tion equivalent of thci n<*twork in {b). 

and A' are th(t mid-points of the radiating elements. By splitting the shunt element 
Zs into a pair of iiupedaiKtes 2 Z 3 in parallel, the lino is further reduced to a chain of 
symmetrical networks, juj shown in Fig. 20-106. The characteristic impedance Zo' 
and propagation constant 7 ' of the loaded lino arc obtained by reduction of this net¬ 
work to its equivalent t sc^otion, as in Fig. 2G-10c, and then making the identification 


MICROWAVE BEACON ANTENNAS 


26-8 

\nih a uniform line of diaracteristio impedance and propagation conetant 
If zj! and zz' are the elements of the reduced section, then 


Z^ coth Zi sinh (y'O - zz' 

HieBe may be reduced with the help of Fig. 26-lOc and the known values of za! and 
til to 


and 


cosh (y7) “ (n- §;) cosh (70 + sinh ( 7 O 


Zo'sinh (VO 


fZi + ^0 tanh -- /yAl 

1 = - ^ —— sinh (7-O 4- 2 yZx + Zo tanh | 


For a well-designed waveguide, the conduction losses in the walls of the wavegtiicio 
are negligible, so that 7 * jiS is a pure imaginary. Then the propagation constant 
of the baded line is given hy 


cosh W4) - ( 1 + ll) cos m + J (^ +1; + 2 !^,) 

It is evident that the propagation constant 7 ' of the loaded line is complex and that 
both the attenuation and phase constants are functions of the loading and spacing 
of the elements. For half-wavelength spacing, i.e., <6 = X/2, this relation becomes 


cosh iy'f) = - (1 + |!) 


If the radiating ebment is a pure shunt element so that Zi = 0, it is found front i.ho 
above that 



A similar result follows for pure shunt loading, i.e., Zj — «. Thus, there is no changes 
in the propagation constant for a uniform line loaded with pure scries or shunt olo- 
ments at half-wavelength intervals. In particular, there is no attenuation and no 
change in phase. 

For arbitrary spacings, the propagation constant of the shunt-loaded line is giv<^n. 
by 

cosh ( 7 '^ = cosh ( 7 -O -i- ^ sinh {yl) 
and for the series-loaded line 

cosh (y'O * cosh (y^ -f sinh ( 7 /) 

^0 


The fact that radiating elements, placed exactly a half guide wavelength apart, are 
excited by voltages exactly 180° out of phase and of equal magnitude is fundamental 
to the design of most microwave beacon antennas. For equal coupling, one obtains 
essentially a uniformly illuminated in-phase array, when the line is suitably terminated 
in a short circuit. This situation can be described somewhat more directly by saying 
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that for half-wawlanstli spacing, the radiating elements of onre shnnt 
simply in parallel with each other, and with the terminating’^reactance 

The lomlcd line analynis does not take account of the coupling between ei 
hy means of external radiation fields. Experience and caleulftfon have bith 

thatt.hemu.ffeetHare ndatively small and patterns which cloeelyappro^ 

cal patteniH, a.th from the ,^mt of view of beamwidth and of side-lobe level hav 4 
been a<?hiovcMl on the baaia of this simplifying assumption. ' 



Dual Peed Systems. The food problem presented by the requirement that a 
rt*w*ivixig mul u traimmittiiig antenna be located one above the other has been solved 
in a varirt y of wayH. For horizontal polarization, the feed line for the upper antenna 
can Ih‘ tttkoii din^ctly past the lower antenna, if care is taken to minimize the to'Ul 
Hhadow rt^gion. How thi» was accomplished for the slotted X-band 
aiitcimii (lcmTilM‘<l provioiisly is illustrated in Kg. 26-11. It will J ® 

wav«K«i«lt“ f«’i‘d wuH twisted where it shadowed the lower antenna, so th^its mmmnm 
diii.eiiHi<m was i.r.>H(‘nted to the radiation from the lower antenna. The waTCguide 
feed was nlse placed sufficiently far from the antenna, and its ^ 

respect to t hat of tlie lower antenna to minimize the mterference between the 

.rifal,,!.« 1. ...>l pr~tb.l md rt » Sf to 

iirraiigeiiM'utH. Much an arranRcment is pictured m g. . 
antenna is fe<l tlmaigh a stub used in feeding the lower line is shown in 

A dual coaxial fi‘e<l involving transitions antenna is made hollow. 

Kg. 2(!- 12 . In this diisign the inner conductor for the lo 
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Fia. 26-12. Dual coaxial feed system. 


aad another conductor runs inside it, forming a coaxial feed line for the upper antenna. 
This ‘'inner” conductor is then tapered to normal size, as it enters the upper antenna. 


26.6. T7PICA1 BEACON ANTENNA DESIGN 


Vertlcally Polarized Arrays. A typical low-gain antenna system for 8 band employ¬ 
ing quarter-wayelength cylinders is shown in Fig. 26-13. Its patterns and impedance 
characteristics have already been described in Sec. 26.2. Of interest is the horizontal 
metallic disk separating the upper and lower antennas. This element serves the 




Fig. 26-13. Low-gain vertically polarized 
antenna system. 


Fig. 26-14. Elevation patterns of a six- 
element antenna. 
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Fia. 26-16. An SLzially symmetrio array for horizontal polarization. 
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very importaiit function of raising the isolation between the two antennas to accept¬ 
able levels. Early introduction of the element into the general design is important, 
because its effect on the impedance characteristics of the antenna 
is considerable. 

A high-gain antenna system iising vertical cylinders is shown in 
Fig. 26-4. Each antenna of Mg. 26-4 consists of 13 half-wavelength 
cylinders previously described. 

For a six-element antenna of this type having solid cylinders, 
the VSWR is less than 1.2 from 9.6 to 11 cm. Over this band, 
the elevation pattern of this antenna varies as shown in Fig. 26-14. 
Although the elevation angle of the pattern maximum is seen to 
vary with frequency, no serious splitting of the pattern was ob¬ 
served. Both antennas employed a circular disk to minimize the 
coupling between antennas 

It should be pointed out that elevation patterns of the higher- 
gain antennas are determined by the ratio of over-all length to 
wavelength, and are thus nearly independent of polarization and 
element geometry. 

Horizontally Polarized Arrays. One antenna system for hori¬ 
zontal polarization utilizes a dual array of the tridipole elements 
described previously, each array containing 14 elements. Over a 
2 per cent frequency band, the VSWR of each of these antennas 
was less than 1.4. The half-power beamwidth was 8® and all side 
lobes were less than 5 per cent in power. 

Mgure 26-15 shows an array of vertical slot radiators cut in 
circular waveguide operating in the TMoi mode as described pre¬ 
viously. It consists of 12 bays of slots. The excitation of the bays 
is reversed by alternately placing the pins on different sides of the 
slots in adjacent hays. An additional set of matching pins is 
placed midway between the radiating elements for the purpose of 
increasing the bandwidth of the antenna. The elevation pattern 
of this antenna over its operating frequency is shown in Fig. 25-16. 
Fig. 26-18- Dual Mgure 26-17 shows the input VSWR for a 12-bay antenna and a 
3-bay antenna. A dual coaxially fed antenna using 10 bays of 
slots on a l-in.-O.D. coaxial line is pictured in Fig. 26-18. 

Antennas having somewhat superior aerodynamic characteristics can be designed 
by making use of the fact that a pair of axial slots centrally cut in the opposite wide 



Fig. 26-19. Array of three pairs of slots on streamlined elliptical waveguide. 


sides of this waveguide, when excited 180® out of phase, have a rather uniform nzimuth 
pattern. These slots may be excited either by probes extendmg into the waveguide 
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2e-i3 


as in Fig. 26-19, or by exciting the slots from a coaxial line with a slotted dipole as 
shown in Fig. 26-20. When the ratio of the minor axis to the major axis of the stream¬ 
lined section is at least 4 to 1, and the minor axis is a quarter wavelength or less, then 
an azimuth pattern can be achieved whose maximum power does not exceed the mini¬ 
mum power by more than 2 to 1. The pattern achieved with a full-length slot, fed 



Pio. 26-20, Horizontally polarized Bir(‘amlino<l radiator. 



Fxg. 20-21. Radiation pattern of a horizontally polorizc^d Btrc^amlincd radiator. 


as shown in Fig. 26-20, is given in Fig. 26-21. The elevation pattern for the full-slot 
arrangement approximat.(dy 0.7 wavelength long had a half-width of 50®, while a 
half-slot arrangement had a half-width of 80®. For both arrangements the VSWIl 
was under 2 over a 16 per cent frequency band. 
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27.1. INTRODUCTION 

The (IwiKii of antonnaH foraintraft application differs in two import respecte 
from the analoRouH i>r<)l>l('>m in other applicationa; aircraft antennas mnst bede^ 
t^i witliataiul Hi'vero static, and dyntiniic mechanical stresses; and, m most ™ ® 
at Icwt, tlie Hi*c ai«l shapo of the airframe play a major role m detenni^g^ 
important, electrical charactcriHtieH of the antenna. For the latter ^ 

of ant<‘nna UHcd in a given system application will often „d 

airframe relative to the wavelength. In the ea^ of 
helicoi,t.cra, also, the motion of the blades may give rise to “odulahoa 
signal suflinicnt to produce severe disturbance of 83 ™tem operat o . 

27-1 
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charging of the airframe surfaces by dust or precipitation particles, known as pre¬ 
cipitation static, gives rise to corona discharges, which may produce extreme electrical 
noise, especially when the location of the antenna element is such that strong elec¬ 
tromagnetic coupling to the discharge point exists. In transmitting applications, 
corona discharge from the antenna element may limit the power-handling capacity 
of the antenna. Special consideration must frequently be given to the protection of 
aircraft antennas from damage due to lightning strikes. 

27.2. L-F ANTENNAS 

The wavelengths corresponding to frequencies below about 2 Me arc considerably 
larger than the over-all dimensions of most present-day aircraft. Because of the 



inherently low radiation efficiency of antennas which are small relative to the wave¬ 
length and the high r-f voltages required in the antennas or their associated matching 
circuits in order to radiate significant amounts of power, nearly all aircraft radio 
systems operating at these lower frequencies are designed so that only receiving equip¬ 
ment is required in the aircraft. 

Radiation patterns of aircraft antennas in this frequency range are simple elcctric- 
or magnetic-dipole patterns, depending upon whether the actual antenna element, 
is a monopole or a loop. Considering first electric-dipole-type antennas, it can be 
shown with reference to Fig. 27-1 that while the pattern produced by a small mono polo 
antenna placed on the airframe will always be that of a simple dipole regardless of its 
location, the orientation of the equivalent-dipole axis with respect to the vertical 
will depend upon the antenna location. In this figure are shown the electric-field 
fringing produced by an airframe for incident fields polarized in the three principal 
directions, vertical, longitudinal, and transverse. Clearly, a small antenna element 
placed on the airframe would respond in general to all three of these principal field 
components, indicating that the dipole moment of the antenna-airframe combination 
has projections in all three directions. 

Low-frequency antenna sensitivity information is customarily expressed in either 
of two ways, depending upon whether the antenna location of interest is on a relatively 
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flat portion of the airframe such as along the top or bottom of the ^el^e or a 
sharS extremity such as the tip of the vertical stabilize. In the first ^ 
assumed—at least when the antenna element is small relative to the surface radu 
of curvature-that the antenna performs the same as it woifid on a flat plane 

except that the apparent incident-field intensity which excites it is greater than the 





Fiq. 27-2. Low-frcquonoy antenna survey data for DC-6 aircraft. 


incident frce-spm^c field intensity because of the field fringing J 

Unelocations on a typical airframe ““f ^ be instaUod in locations for 

Kffoctivc height and capacitance data for antennas to 
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which this design procedure is applicable are usually obtained by measurements or 
calculations for the antenna on a flat ground plane. The effective height (for ver¬ 
tically polarized signals) of the antenna installed on the airframe is then estimated 
by multiplying the flat-ground-plane effective height by the factor Fv appropriate to 
the installation location, while the capacitance may be assumed to be the same as 
that determined with the antenna on a flat ground plane.* The presence of a fixed- 



Fia. 27-3. Shielding effect of wire shorted to cylindrical fuselage. 


wire antenna on the aircraft may have a significant effect on Fv. Calculated values 
of the shielding effect of a grounded fixed wire on Fv for an idealized fuselage in the 
form of a conducting cylinder are shown in Fig. 27-3. If the wire is terminated in an 
impedance which resonates with the antenna impedance at or near the frequency of 
interest for the 1-f antenna, the effect will be much greater than that shown for the 
grounded wire. Because of this shielding effect, 1-f antennas are seldom located on 
the top of the fuselage in aircraft which carry fixed-wire anteimas. 

Flat-ground-plane data for a T antenna are shown in Fig. 27-4. The effective 
height for such an antenna may be calculated with considerable accuracy from the 
expression 

The capacitance curves shown apply to an antenna made with standard polyethylene- 
coated wire (0.052-in.-diameter conductor and 0.17S-in.-diameter polyethylene 

* In some applications where the antenna capacitance must be held within relatively 
narrow limits, final adjustments on the installed antenna are required. In most cases, 
however, the tolerances are made quite wide either through the use of loose coupling between 
the antenna and the receiver input or by the provision of capacitance trimming adjustments 
at the receiver input. 
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sheath). Two antennas of this type are frequently located in close proximity on 
aircraft having dual automatic direction finder (ADF) installations. The effect of a 
grounded T antenna on he and Ca of a similar nearby antenna are shown in Fig. 27-5, 
To determine the significance of a given degree of capacitance interaction it is neces¬ 
sary, of course, to consider the Q's of the input circuits to which the antennas are 
connected and the proximity of the frequencies to which the receivers may be tuned. 

Sensitivity data for two flush antennas and a low-silhouette antenna consisting of a 
relatively large top-loading element and a short downlead are shown in Figs. 27-6 
to 27-8, respectively. The antenna di¬ 
mensions shown in these figures are not 
indicative of antenna sizes actually in use, 
but are rather the sizes of the models 
used in measuring the data. Both he 
and Ca scale linearly with the antenna 
dimensions. \ 

A simple rule-of-thumb design limit T 
for flush antennas may be derived on 
the basis of a quasi-static analysis of 1-f 
antenna performance. If any electric- 
dipolo antenna is short-circuited at its 
feed terminals and placed in a uniform 
electrostatic field with its equivalent- 
dipole axis aligned parallel to the field, 
there will be charges of and —g 
induced on the two elements of the 
antenna. It may be shown that the 



product of the low-frequency param¬ 
eters hi and Ca is related to the induced 
charge by the equation 

h.C\ - 4 (27-2) 


h=4''- 
h=8v 
. h«l8!L^ 


whore he and Ca are expressed in motors g | | | 

and micromicTofarads, respectively; qiB S_ h-L — H _ 

expressed in inicromicrocoulombs, and ^ | ^ 

the incident-field intensity E is expressed 777777777 ^^ 77 ^ 7777 ^ 

in volts per meter. The quantity q/E oj--J---L-J--^ 

is readily calculated for a flush, cavity- antenna^N6TH l-inches 

backed antenna of the typo height’and capacitance 

Fig. 27-7, at loaBt for the ca«o whoro the 
antenna cloinoiit virtually fillH tho cuteut 

in the ground piano. In this caHo, tho Hhortod antenna cloniont will oauso prac¬ 
tically no diotortion of the normally incident field, and tho number of field linos ter¬ 
minating on tho element will bo tho same as the number which would terminate on 
this area if the ground piano wore continuous. Tho value of q/E is honce equal to 
«oa, whore <o - 8.85 X lO"'* farad/metor and o is tho area of the antenna 
in square mcterH. For tho flush antenna with an element which nearly fills the 
antenna aperture, therefore. 


hgCa ■■ €oa 


(27-3) 


The line labeled “theoretical maximum h,Ca” in the curvt« of Figs. 27-6 and 27-7 
was calculated from Eq. (27-»). With practical antenna designs, there will bo regions 
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^IRE DIA.=D 
L»-d ANDh 
ANTENNAS IDENTICAL 


NOTE-he AND Co ARE EFFECTIVE HEIGHT AND 

CAPACITANCE OF SINGLE ANTENNA ALONE 
he* AND Cfl* ARE SAME PARAMETERS WITH OTHER 
ANTENNA PRESENT AND SHORT CIRCUITED 
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h 

Fio. 27-5. Sbdeldmg effect of one T antenna on another. 


"GROUND PLANE^ 
14" 


CAVITY DEPTH D-INCHES 
Fig. 27-6. Design data for flush 1-f antenna. 


of the aperture not covered by the antenna element, so that some of the incident-field 
lines will penetrate the aperture and terminate inside the cavity. As a result, the 
induced charge q will be smaller than that calculated above and the product heCa will 
be smaller than the value estimated from Eq. (27-3). 

For antennas located at a sharp extremity of the airframe, such as the tip of the 
vertical stabilizer, the fringing field is too localized to permit the use of the curvature- 
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antenna even though the surface area of the antenna is less than one square meter. 
To achieve the same sensitivity product with a flush antenna on a flat ground plane, 
it is seen from Eq. (27-3) that an antenna area of nearly 10 sq meters would be required. 

The sensitivity product is a slowly varying function of antenna gap width, at least 
as long as the gap remains relatively small compared with the total antenna height. 
This is to be expected from the electrostatic analogy, since the charge induced on the 
short-circuited element by a vertically polarized field will be concentrated near the 
extreme tip of the element, and the total quantity of charge will hence not be greatly 



GAP WIDTH, G,-INCHES 

Fio. 27-9. Tail-tip 1-f antenna design parameters for DC-6B aircraft. 

affected by changes in the antenna gap width. The individual values of K and C®, 
on the other hand, are very dependent on the gap width, approaching 0 and ««, 
respectively, as the gap width approaches zero. The proper selection of the gap 
dimension depends upon the characteristics of the system with which the antenna is 
to work. Generally speaking, if the signal-to-noise ratio of the receiving system is 
evaluated as a function of antenna gap width—assuming a given incident-field inten¬ 
sity—it will be found that there is an optimum value of gap width. 

Although, as indicated above, tail-tip antennas have a high sensitivity to vertically 
polarized signals, their sensitivity to longitudinally polarized signals is usually even 
greater. In the case of the DC-6B antenna described above, the orientation of the 
equivalent-dipole axis was found to be tilted approximately 60® from the vertical. 

The helicopter presents a special antenna design problem in the 1-f range as well 
as in other frequency ranges because of the shielding and modulation caused by the 
rotor blades. Measured curves of Fv obtained with an idealized helicopter model to 
demonstrate the effects of different antenna locations along the top of the simulated 
fuselage are shown in Fig. 27-10. 

It is characteristic of rotor modulation of 1-f signals that the modulation envelope 
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Fio. 27-10. Rotor modulation for 1-f receiving antenna on idealiaod helicopter model. 





SECTION A-A 

(b) TRANSVERSE POLARIZATION 

PiQ. 27-11. MaRnotio-fiold distortion caused by conducting airframe for; (a) Longitu ina 
polarization. (?>) Transverse polarization. 




27-10 


AIRCRAFT ANTENNAS 


is smootli, indicating that relatively few modulation components of significant ampli¬ 
tude are produced above the fundamental rotor modulation frequency, which is equal 
to the number of blade passages over the antenna per second. This fundamental 
frequency is of the order of 15 cps for typical three-blade single-rotor helicopters. It 
should be noted that new sidebands with this spacing will be generated about each 

I AXIS OF LOOP 



Fig. 27-12. ADF loop antenna on aircraft. 


sideband as well as about the carrier of the incoming signal. It is hence not a simple 
matter to predict the effects of rotor modulation on a particular system unless tests 
have been made to determine the degree to which the performance of the airborne 
receiver is degraded by the presence of these extra modulation components. 




(P) 

Fig. 27-13. (a) Bearing-error curve for ** 2. (6) Maximum bearing error and true 

bearing at which maximum bearing error occurs as functions of a^xlayy. 


In the case of loop antennas, it is necessary to consider the distortion caused by the 
airframe in the magnetic-field component of the incident wave. Unlike the elcctrio- 
field lines, the magnetic-field lines distort in such a way that they avoid entering 
the conducting airframe. The field-line sketches in Fig. 27-11 illustrate the airframe 
effect for the two cases in which the ground station is to the side of the aircraft and 
ahead of the aircraft, respectively. For most locations near the top and bottom 
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center line the local-field intensity is greater than the incident-field intensity in both 
cases. This field enhancement is important because it serves to increase the signal 
induced in a loop antenna and it also affects the bearing accuracy of the direction¬ 
finder system. The ratio of local-magnctic-field intensity on the airframe surface 
to the incidcnt-magnetic-field intensity is designated as a** for the case in which the 
incident field is transverse to the line of flight (signal arriving from the front or the 
rear of the aircraft) and as a^y when the incident field is along the line of flight (signal 
arriving from the side of the aircraft). These two coefficients give all the ^sential 
data for estimating the performance of a direction-finder loop antenna designed to 



Fio 27-14. Ij-F loop-antonna survey data for DC-4 aircraft showing maximum bearing 
error and sensitivity coefficient for transverse polarization for top and bottom centerline 
locations. 

take bearings on 1-f ground-wave signals, provided the loop is placed on the top or 
bottom cenU^r lino of the airframe. The amplitude and direction of the local field 
on the airframe surface may be calculated for any incidcnt-ficld amplitude and direc¬ 
tion (provided the latti^r is horizontal), once the coollicionts and aw arc known, by 
simply resolving the iiicidcuit field into a; and y components, multiplying these com¬ 
ponents by axx and (iw, respee.lively, and recombining the components.* The ratio 
of local- to inc.ideiit^field intensities, which in this case is a function of the angle of 
arrival of the wave, may be us(hI as a curvature factor for estimating loop-antonna sen¬ 
sitivity in the mim) way that the fa<^tor Fv iH used for raonopolc-antcnna calculations.T 
The ADF system, which determines the direction of arrival of the signal by rotating 
its loop antenna about a vertieal axis until a null is observod in the loop response 
(Fig. 27-12), is subject to bearing errors because of the dilTerencc in direction of the 
local and incident magnetic fields. The relationship between the true and the 


♦ For l()c.ationH off the center line, it is readily seen that an incident 
in ..n« the principal <iironli..nH may l<.<*al-fi<‘ld o<m>,x.nmit8 m 

tion» (lut woll an in tlic « (lircclimi), ami Imnw WK'ffiMontB jnei- 

in thn Konnral nawf to (h'scrilio tlio looal-fiold aiuplitudo and direction in terms of the inci 

dont-field amplitude arul direction. oq 

t The design of loop-antenna ekmicnts is disoussod in Uhap. -io. 
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apparent directions of the signal source is given by the equation 


tan = — tan 0a (27-4) 

ayy 

where 0t and 0a are the true and apparent bearings of the signal source, respectively. 
A curve of the bearing error (^4 — 0o) as a function of 4>t with the ratio axxlayy =» 2 is 
shown in Fig. 27-13a. Figure 27-13b shows graphs of the maximum bearing error 
l0< — 0ol and the value of <l>t (in the first quadrant) at which the maximum bearing 
error occurs as functions of the ratio c>xa/(hv Methods for compensating these 
so-called quadrantal bearing errors are discussed in a later section. 

Survey data showing the coefficient awa and the maximum bearing error for loop 
antennas along the top and bottom center line of a DCM aircraft are shown in Fig. 
27-14. 


27.3. H-F COMMUNICATIONS ANTENNAS 

Aircraft antennas for use with conomunications systems in the 2- to 25-Mc range 
are required to yield radiation patterns which provide useful gain in all directions 
significant to communications, and impedance and eflficiency characteristics such that 
acceptable power-transfer eflficienoies between the air-bome equipment and the 
radiated field are obtained. An antenna which meets these requirements will, when 
used in receiving, deliver to the input of a matched receiver atmospheric noise power 
under noise field conditions prevailing at most locations which is many times greater 
than the input^ircuit noise in any communications receiver of reasonable design. 
When this is the case, no improvement in signal-to-noise ratio can be achieved by 
further refinement of the antenna design. Since the transmitting mode of operation 
poses the more stringent requirements, the remainder of the discussion of h-f antennas 
wQl be confined to the transmitting case. Sky-wave propagation is always an 
important factor at these frequencies, and because of the rotation of polarization 
which is characteristic of reflection from the ionosphere, polarization characteristics 
are usuahy unimportant; the effective antenna gain can be considered in terms of the 
total power density without regard to polarization. At frequencies below about 
6 Me, ionosphere (and ground) refiections act to make almost all the radiated power 
useful for communication at least some of the time, so that differences between radian 
tion patterns are relatively unimportant in comparing alternative aircraft antennas 
for communication applications in the 2- to 6-Mc range. In this range, impedance 
matching and efficiency considerations dominate. For frequencies above 6 Me, 
pattern comparisons are frequently made in terms of the average power gain in an 
angular sector hounded by cones 30® above and below the horizon. 

In the 2- to 25-Mc range, most aircraft have major dimensions of the order of a 
wavelength and currents flowing on the skin of the aircraft usually dominate the 
impedance and pattern behavior. Since the airframe is a good radiator in this rango, 
h-f antenna design is aimed at maximizing the electromagnetic coupling to the air¬ 
frame. The airframe currents exhibit strong resonance phenomena that are important 
to the impedance behavior of antennas which couple tightly to the airframe. 

Wire ^tennas. Wire antennas, supported between the vertical fin and an insu¬ 
lated mast on the fuselage or trailed out into the air stream from an insulated reel 
on the underside of the fuselage, are commonly used and reasonably effective h-f 
antennas on lower-speed aircraft. Aerodynamic considerations limit the angle 
between a fixed wire and the air stream to about 15®, so that fixed-wire antennas 
yield impedance characteristics similar to moderately lossy transmission lines, with 
resonances and antiresonances at frequencies where the wire length is close to an 
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integral multiple of X/4. Figure 27-15 shows the input impedance of an 81-ft fixed- 
wire antenna on a 1049 Constellation aircraft for two conditions of termination at the 
vertical fin: opcn-circuited and short-circuited. Lumped reactances connected 
between the wire and the fin produce an effect exactly analogous to reactance-ter¬ 
minated lossy transmission linos. Tho average directive gain of these antennas in 
the sector ±30° relative to the horizon (i.c., the fraction of the total radiated energy 


—— R eoe OPEN 

- X xxx SHORTED 



Fio. 27-18. Input impc<lnno.« of 81-tt open and shortod fixcd-wiro antennas on 1049 Con- 
stellation aircraft. 


which goes into the sector boundotl by tho conc« 30° above and below the horizon^ 
plane) remains near (10 per cent from 6 to 2-1 Me. The ollioienoy of wire antonnM is 
Mt high beeauso of resistance loss in the wire itself and dieloctno loss m the supporting 
insulators and masts. The resistance of commonly used wirM is of tho order of 
0.05 ohm/tt at 4 Mo. Tho r-f ooronn breakdown threshold of fixed-wire MtonMS 
is a function of tho wire diameter and tho design of tho supporting fittings. To mini¬ 
mize precipitation static a wire coated with a relatively large diameter sheath of 
polyethylene is frcqiienUy used, with special fittings designed to maximize the corona 
threshold. Mven with such precautions, voltage breakdown posw a serious prob 
with fixed-wire antennas at high altitude. Measurement mdicate that Btandard 
antistatic strain insulators have an r-f corona threshold of about 11 kv peak at an 
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altitude of 60,000 ft^ and a frequency of 2 Me. Such an insulator, placed between the 
vertical stabilizer and the aft end of the open-circuited antenna in Fig. 27-15, would go 
into corona at this altitude if the antenna were energized with a fully modulated AM 
carrier of about 160 watts at 2 Me, Fixed-wire antennas are usually matched to the 
transmitter (or transmission line) with an L-section matching unit employing lumped 
series inductances and shunt capacitances. At frequencies removed from the scries 
resonance of the wire, the losses in the matching network may be quite high. For 



Fig. 27-16. Input impedance of trailing-wire antennas on B-29 airersdt. 


example, using a tuning coil with a Q of 100, the matching network efficiency at 2 Me 
for the open-circuited antenna of Fig. 27-15 will be less than 30 per cent. 

Trailing-wire antennas are usually reeled out in flight to a length corresponding to 
series resonance in the X/4 or 3\/4 mode at the operating frequency. At ordinary 
flight speeds the angle of inclination to the air stream is small ('^6®) so that the 
proximity of the wire to the fuselage near the feed point has a marked effect on the 
physical length of the wire at resonance. Figure 27-16 gives measured data for the 
input impedance through the first resonance for trailing wires of different lengths 
on a B-29 aircraft.* In all cases the trailing wire emerged from the fuselage just 
forward of the empennage, and the measured impedances include the effect of a 10-ft 
section of No. 10 wire spaced 3 in. from the aircraft skin. The increase in resistance 

* These data were measured by personnel of the Communication and Navigation Labora¬ 
tory, Wright Air Development Center, United States Air Force. 
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with de e T f»fl ffing frequency for the shorter wire lengths is caused by losses in the insulat¬ 
ing material which supports the trailing wire reel and in the fair-lead which spacM 
the antenna wire away from the aircraft skin at the point where the wire leaves the 
fuselage. The hump in the resistance curve for the 50-ft wire is caused by an air¬ 
frame resonance. Efficient matching to a transmission line can be achieved by com¬ 
bining an adjustable wire length with an adjustable shunting capacitor at the feed 
point in a manner analogous to an L-section network. 


R X 



(a) TWO-FOOT WING CAP 

R X 



(b) SEVEN-FOOT TAIL CAP 

Pio. 27-17. Input, iiMp<-<l.vn<«< of cup imUnuim. on DC-4 aircraft: (o) 2-ft wing cap. (b) 
7-ft tail cap. 

Isolated Cap Antennas. Ktreclivo oxciUtion of the airframe as an h-f antenna cm 
be obtained by elec,tricully isolating a is>rtion of the fin tip or a wing 
antenna terminals. Figurti 27-17 shows tlm imi>e.laiic« 

antenna and a 7-ft lail-eap anltinna on ii IX-I aireraft. In <ai.h . . ■ _ 

gap was cut straight across the aircraft extremity aiul the gap 

S ZmA 12 in for the wing cap. The sharp peak of input 

due to coupling to the \/2 resonance of the ciirreuts on the ^ 

frequency flow predoinimintly along a path exteiulmg roiii u. dominates 

tie to the wing root, and along the wings to the tips. This resonance dominates 
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tke bwer-frequency impedance cliaxacteristics of all cap-type antennas. The resist¬ 
ance peaks at higher frequencies are associated with resonance of other current paths 
on the wings and fuselage and, in the tail-cap cases, the empennage. The pattern 
characteristics of the two DC-4 cap antennas and a fixed-wire antenna on the same 
aircraft are summarized in Fig. 27-18, which shows the average gain over the useful 



FREQUENCY - MC 

Fig. 27-18. Average gain over useful sector for various antennas on DC-4 aircraft. 



FREQUENCY-MC 

Fig. 27-19. Effect of changing feed configuration on input resistance of tail-cap antenna. 


sector for each of these antennas as a function of frequency. The tail-cap patterns 
are often found to be superior to those for other possible antennas on the same air¬ 
craft, as is the case in this example. 

The effect on input resistance of changing the feed configuration at a given airfram c 
extremity is illustrated in Fig. 27-19, which shows the input resistance vs. frequency 
curves for various tail-cap feed configiirations on a large jet aircraft.* In all cases, 
the resonant modes of the airframe are seen to govern the behavior of the input 
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resistance function. Configuration a, in which the isolated cap includes the entire 
stabilizer extremity, is seen to couple more effectively to the airframe resonant modes 
than the other configurations, in which only a part of the tip is isolated. The rising 
resistance values at 24 Mo for configurations c and d are caused by the fact that the 
isolating gap is approaching X/2 in length at this frequency and is being fed near one 
end in each of those configurations. 

The input-roaotanoe curves for these antennas resemble those shown in Fig. 27-17 
for the DC-4 tail-cap antenna except that the reactance actually becomes positive at 
the higher frequencies. Table 27-1 summarizes the salient features of the reactance 
curves for the configurations shown in Fig. 27-19. 


Table 27-1. Summary of Reactance Data for Antennas in Kg. 27-19 


Coiifiguratiou 

Reactance 
at 2 Me, ohms 

Frequency for 
which X « 0, Me 

Reactance 
at 24 Me, ohms 

a 

-406 

23.4 

+ 2.1 

b 

-440 

22.6 

+ 4.6 

c 

-439 

14.7 

+112.0 

d 

-439 

16.0 

+ 82.1 


The result of changing the design parameters of a cap antenna while retaining the 
same bp--'- configuration may be summarized as follows. Increasing the size of the 
isolated cap while retaining the same gap width will decrease the low-frequency 
reactance and lower frequency of zero reactance; such a change will also increase the 
radiation resistance but will not change the frequencies at which the resonant peaks 
in the resistance curve occur. The percentage change in radiation resistance caused 
by a change in cap size is usually much smaller than the corresponding change in 
reactance. Decreasing the width of the isolating gap whfie keeping the cap size fixed 
produces the same result as would be produced by adding a shunt capacitance across 
the antenna terminals, namely, a reduction in both R and X. 

In the design of a cap-typo antenna, the choice of cap siztf, configuration, and gap 
width is based upon a compromise between electrical and structural factors. The 
operationally significant electrical factors are the radiation efficiency and the corona 
threshold of the antenna system. Since both of those quantities pose design problems 
which rapidly become more difficult as frequency is decreased, the choice of antenna 
dimensions is almost* invariably based on conditions at 2 Mo (i.e., the low end of the 
h-f band). The low-fre<iuency equivalent circuit of the antenna and matching unit 
is shown in Fig. 27-20. The radiation efficiency of the system is given by the product 
of the matohing-cireuit ctlieienc.y and the antenna efficiency; i.o.. 


where 


V - Va’Im 


and Vm is given by the graph in Fig. 27-21 for the case of a matching circuit with a 
coil 0 of 100 and a capacitor dissipation factor of 0.001. The values of antona 
resistance and reactance used to enter the graph in Kg. 27-21 include the effect of the 
dielectric loss conductance Ot in the antenna. It should bo noted, therefore, that 


* An exception arises in some cases on largo aircraft for which the lowest-frequen^ 
resonant peak in radiation resistance occurs at or near 2 M c. In such oases a more stnngont 
HBMign froqiioncy is usually found to occur at the rcsistanoo minimum above the first 
resonant peak. 
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while increasing Gi will always result in a lower system efficiency, the decrease in 
system efficiency will not be as great as the decrease in fiA. This follows since an 
increase in Gt will decrease the matching-circuit losses and hence increase ’na- 
The value of Gi is given by the formula 


Gt 


GoP 

W 


where Go is the conductivity of the insulating material in mhos per square, and P 
and W are the peripheral length and the width of the isolating band, respectively. 
Minimizing Gt hence requires a careful selection of insulating material as well as 


MATCHING UNIT 


50 -^ 




1 

~t~ 

L.Q I 


•C,D 


ANTENNA 

I-! 




Gf * RADIATION CONDUCTANCE 
Ca = ANTENNA CAPACITANCE 
Gf = UOSS CONDUCTANCE OF INSULATING BAND 
L,Q » INDUCTANCE AND QUALITY FACTOR OF MATCHING 
UNIT INDUCTOR 

C,D » CAPACITANCE AND DISSIPATION FACTOR OF 
MATCHING UNIT CAPACITOR. 

Fig. 27-20. Low-frequency equivalent circuit of cap antenna and matching unit. 


control over the dimensions of the insulating band. Extensive studies® of the elec¬ 
trical and mechanical properties of Fiberglas-reinforced laminated plastics, par¬ 
ticularly with regard to their stability under the severe environmental conditions 
encountered on aircraft, indicate that such materials may be designed to provide 
insulating bands with extremely low values of Go, but only if great care is exercised in 
controlling their fabrication. 

Radio-frequency corona limitations are found to require gap spacings of something 
less than 12 in. in most cases where power levels of the order of 100 watts and maximum 
altitudes of the order of 50,000 ft are involved. It is necessary to maintain the radii 
of curvature of metal contours, particularly near the trailing edge of the airfoil section, 
at about % in. or more to avoid corona in these regions. Small sharp points, such as 
fabricating burrs and the edges of fasteners, usually do not affect the r-f corona 
breakdown threshold at high altitudes, because of the space-charge shielding that 
results from the relatively low mobility of the initial ionization.' 

Shimt-fed Antennas. Various portions of an airframe can be shunt-fed as h-f 
antennas, using the technique indicated in Fig. 27-22. These arrangements do not 
require dielectric sections in the main-structure members of the airframe, and thus 
offer an advantage over cap antennas. However, efficient shunt feed over a wide 
frequency range requires an auxiliary conductor along a considerable portion of the 
leading or trailing edge of an airfoil surface, regions which are normally occupied by 
control surfaces or de-icing equipment. Shunt-feed systems can usually be arranged 
to present an inductive-input reactance over their entire frequency range, which is 
useful from the standpoint of minimum matching-circuit loss. Two possible shunt- 
feed arrangements on a 1049 Super Constellation aircraft are sketched in Fig. 27-23. 
One arrangement employs a 30-ft conductor along the inboard trailing edge of one 
wing, and the other a conductor along the entire leading edge of one horizontal 
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stabilizer. Inpub-impedanoe data for the shunt-fed wing antenna are shown m 
Fie. 27-24. The feed-conductor diameter is 0.875 in., and the width of the dielectric 
spacer between the feed conductor and the airfoil section is 17 in. The secondary 
p^k in the resistance curve near 4 Me is due to resonance of the wmg-fuselage-fin 
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l<’ia. 27-21. MatchinR-cir(5uit efficiency. 

current mode mentioned in eonneetion with tho “Ts hiln 

previous section. Clhangir.g the tewl-conductor diameter ‘ ; 

the wing installation has a negligible efr.u..t on the ...put « «e 

in the impedance occur with changes in the lengih 
providing one or more shorting relays along the length of tlio 

suitably intereonneeting these with the matching unit, it is possib “ ' ' . 

"4.Tr tte cplin, K. th. .H™.. provieW by . l.« =«.d»*.. »• ^ 












Pig. 27-23, Shunt-feed arrangements on 1049 Constellation aircraft. 
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Fig. 27-24. Input-impedance characteristic achieved with 30-ft shunt-feed elemen-fc at 
inboard trailing edge of wing in 1049 Constellation aircraft. 
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lower frequencies while retaining a positive input reactance to the 

the freauency range. With a positive input reactance, matching to the fe^ ^ 

be obtained with an aU-capacitanoe L-section network, a situation favorable to hig 

“ ahS pStrshunt-feed arrangements adapted to flush mounting employ notches 
cut toto the wing-root or dorsal-fin areas where structural loads are 8“^' ^ 

notch can be fed directly across its open end, or a coupling loop can be mounted m the 
nftei Became the coupling of these structures to the radiating airframe currents 
is relaWely low, the input resistance is low compared with the input reactance, which 
nii? efficient imped^ce matching difficult. The notch feed appears to offer 
makes aircraft where the notch can be made quite large and airframe 

.h. b»d 

resonau antenna tends to become rather directional at the h«her tre 

quenSs of the h-f band, however, particularly when the notch is located at the inter¬ 
section of the fuselage and the wing trailing edge. 

27.4. ADF ANTENNA DESIGN BEQUIBBMENTS 

The ADF loop antenna is normally supplied as a component of the ADJ 
and the problem of the 

"’‘i*2on of t toeation are (1) the cable between the loop antenna and receiver is of 

length since the }<>«? tt^^uSTcrrinfemfST^ 

in the loop ‘‘“P f «Z from the bearing-error data 

«»«>. botb.„ o. “'.STS ^ 

usually just aft of tho pilot’s cabin. a systems by means of a 

airframe for which tho cquivalent^ipole axis station to 

accurate PC^P^manM as the aircra^^^^ ^ confusion which 

which the receiver is tuned. In g. . , a having a nonvertical sense- 
exist above the ground station for an airbomo ADD nav g needle 

InSn^a pattern.'' The Bi«nific.ance of these ^^sio^^^^^^^ 

attempts to reverse, and hence to indicate a bear g ^ surface of 

aircraft is within the zone. 1 he intorscc ““ behavior for different amounts of 
constant altitude is a circle; various y^s • Actually, the needle 

course offset at the same altitude are signals it r^ 

has a finite reversal time so that the rMponsos * become superimposed to an 
as the aircraft traverses a flight pa i ^ jyj ^cll as the sense-antenna 

extent whkffi depends upon thcaircraftaltitudoandspc^ 

tut angle. As a result, it is virtually is made quite 

determination of tho time of station passage unless tho confusion 

small. 
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The size of the zone is dependent upon another parameter also, namely, the phase 
difference between the loop and sense signals at the point where they are mixed in the 
receiver. It can be shown* that by introducing a controlled phase error of the proper 
sense at this point, the size of the confusion zone may be reduced very substantially, 
thereby relaxing the requirement for proper sense antenna placement. Existing ADF 
receivers do not incorporate this feature, however, and hence a small sense antenna 

CONFUSION 



PLAN VIEW 

NOTE*. SMALL ARROWS SHOW DIRECTIONS WHICH ADF NEEDLE 
TRIES TO INDICATE AT VARIOUS POINTS ALONG A GROUP 
OF PARALLEL, COPLANAR FLIGHT TRACKS 



NOTE: ANGLE BETWEEN CONFUSION ZONE BOUNDARIES 
IS EQUAL TO SENSE ANTENNA TILT ANGLE 

Fig. 27-25, ADF overstation confusion zone. 

tilt angle is usually a design requirement. The importance of maintaining sufficient 
sense signal input to the ADF receiver is illustrated in Fig. 27-26, which shows the 
estimated operating range of the MN-62 receiver under different conditions as a 
function of the sense antenna sensitivity product* (product of effective height times 
antenna capacitance). It is assumed in these estimates that the sum of the sense 
antenna capacitance and the sense cable capacitance is maintained at 270 jujuf, which, 
is the value with which this receiver is designed to operate. 

A value for the total capacitance of the antenna and cable is the usual form of 

’*'The sensitivity product is used here as a criterion of performance which correlates 
roughly with the antenna size. 
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** impedancespecification on 1-f airborne antennas. The reason for this may be 
seen with reference to Fig. 27-27, which shows the input circuits used in representative 
1-f airborne receivers, including the sense input circuit of a typical ADF receiver, the 
susceptiformer input circuit,* and the input circuit of a typical 1-f range receiver 
designed for use in small aircraft where a wide variation in antenna and cable capaci¬ 
tance may be expected from one aircraft type to another. The circuits are analyzed 
most readily by replacing the various capacitors and transformers to the left of the 



SENSE ANTENNA SENSITIVITY PRODUCT, Cqh, METERS 

NOTE; NOISE ZONE 2S ASSUMED 

FUNCTION SWITCH ON "ANT" FOR IDENTIFICATION 
TRANSMITTER POWER** 5kw 
ALTITUDE* 10,000 ft 

Fig. 27-26. Estimated operating range for ADF and identification functions of MN-62 
receiv(?r at GOO ke. 

tuning inductance L in each case by an equivalent Thevenin generator as shown in 
Fig. 22-27d. The objt^ct in the design of an 1-f input cirimit of this type is to make the 
source (!apacitan<!<% Cu of the Thevenin generator suflicieiitly high that the frequency 
range tuned by a given variation in CV is not greatly reduced and (in the case of the 
ADF circuits) sufliinently insensitive to variations in Ca and Cc that the circuit is 
not detuned by normal 8ervi(?e variations in these quantities. Values of Cr of the 
order of ;i,()()0 MMf are typical with this typo of receiver. The relative elTeotiveness 
of the dilTerent types of input circuits can bo shown through a simple graphical con¬ 
struction whereby one may calc.ulate the value of h'„ the opcn-<!ircuit voltage of the 
equivalent Thevenin generator. To do this, one notes that by plotting voltage as 
ordinate and capacitance tw abscissa on a log-log graph, the effect of such elements 
as scries or shunt capacitors or transformers may be represented as straight-line 
transformations. Figure 27-28 is a plot of the transformations involved in the 
circuits of Fig. 27-27a-c, assuming an antenna capacitance of 50 and a value of 
Cr of 3,000 MMf- To perform such an analysis, one first plots the point corresponding 
to Ca and ICht, (taken as unity in this example). Each clement in the circuit is con¬ 
sidered in sequence, moving to the right in the circuit diagram, and the open-circuit 

* Proposed by H. A. Ferris of Trans Canada Air Lines as a means for overcoming the 
loss of signal duo to long wmse cables on large aircraft. 
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voltage and source capacitance which would be obtained for the circuit up to that' 
point are plotted. A shunt capacitor has the property that its addition leaves the 
produce unchanged. Addition of a shunt capacitor hence leads to a trans** 
formation to the right and downward along a -46° slope on the graph. The length 
of the straight line is just that required to make the values of Cr at its end points 
differ by the value of the shunt capacitor. A transformer produces a similar trans¬ 
formation except that in this case the product A' -y/Ci is unchanged by its addition. A 


Eh, 


(a) CONVENTIONAL SENSE INPUT CIRCUIT 


Eh. 


(b) SUSCEPTIFORMER INPUT CIRCUIT 


Eh, 


(c) RANGE RECEIVER INPUT CIRCUIT 


Eh; 


(d) EQUIVALENT CIRCUIT 

NOTE: Ca = ANTENNA CAPACITANCE 
Cc = CABLE CAPACITANCE 
Ct = TUNING CAPACITANCE 

Fig. 27-27. Typical input-circuit configuration for airborne 1-f receivers. 

step-down transformer is hence represented on the graph by a line with a -22.5® 
slope and having a final value of capacitance which is equal to the square of the turns 
ra 10 times the initial capacitance. Finally, a series capacitance causes a transforma¬ 
tion to the left along a horizontal line, since the series capacitance does not change the 
open-circuit voltap but does decrease the source capacitance. 

The ci^es in Fig. 27-28 have been drawn for typical values of the circuit parameters 
for the three mput-circuit configurations discussed above, and they show the superi¬ 
ority of the susceptiformer over the others in delivering signal to the receiver. Of 
equal significance is the fact that the susceptiformer circuit operates with a total 
cable capacitance of 1,200 /x^f while the conventional circuit allocates only 220 aid to 
ca e capacitance. This means that the susceptiformer can be used with longer 
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Fio. 27-28. Graphical calculation of circuit performance. 
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cable runs and can employ more rugged cable than does the conventional circuit. ♦ It 
IS of interest to note, however, that the susceptiformer requires greater stability of 
antenna capacitance than does the convention^ circuit.® 

A knowledge of the characteristics of input circuits is important to the antenna 
designer since he will wish to optimize the antenna configuration within the space 
available. For example. Fig. 27-29 shows the relative performance of the antenna 
in hig. 27-7 as a function of the aperture gap when this antenna is used in a con¬ 
ventional sense input circuit designed to work with a 150-/*/*! value of Ca. + Co. 


Ca Cs 



NOTE* Cp ADJUSTED TO MAKE SOURCE 
CAPACITANCE » Co 



Fig. 27-30. Relative antenna-sensitivity requirement for range receiver. 


nr receiver design, it is necessary to use either a series 

when 1 *^5 terminal to achieve proper performance, except 

^ » rather broid 

ZtThe^ “ when the ^tenna is to be used with a high-capacitance cable but 
!hnl f defined when the cable capacitance is low. They also 

tn ^ conventional input circuit when it is necessary 

to use long, and hence high-capacitance, cable runs. 

V, w!^nf '“P"* (Kg. 27-270 the value of C. and the range of 

+ron«f ^ ^ capacitance of the network feeding the 

taluS adjusting regardless of the 

nroduct fA r Tnf I sensitivity 

p duct {h.CA) of the ^tenna increases with increasing Ca + Co for different values 

L L capacitor C., assuming that the signal delivered to the first tube grid is to 

be held constant. The reference value of k.CA (i.e., the unity value corresponding to 

capacitance. ^ ^ ^ “ Co, where Co is the required source 
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zero abscissa) is the same as the value which would be required if C, were short-cir¬ 
cuited. If this were done, it would be possible to adjust the source capacitance to Co 
by means of Cp only if Ca. + Cc < Co. The very considerable increase in h«CA 
requirement to which the addition of €» leads is apparent from these curves. Here 
again it is seen that the use of long high-capacitance cable runs greatly increases the 
antenna sensitivity requirement. 


27.6. UNIDIRECTIONAL VHF ANTENNAS 

The marker-beacon, glide-slope, and radio-altimeter equipments require relatively 
narrow band antennas with simple patterns directed down or forward from the air¬ 
craft. This combination of circumstances makes the design of those antennas a 
relatively simple problem. Both flush-mounted and external-mounted designs are 
available in several forms. 
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(a) SCHEMATIC OF THE COLLINS 37X-I MARKER BEACON ANTENNA 
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(b) SCHEMATIC OF THE ELECTRONIC RESEARCH INC 
AT-I34/ARN FLUSH MARKER BEACON ANTENNA 

Fia. 27-31 

Marker-beacon Antennas. Th(^ marker-beacon re(;eiver operates on a fixed fre¬ 
quency of 75 Me. and reciuires a downward-looking pattern polarized parallel to the 
axis of the fuselage. A standard external installation employs a balanced-wire dipole 
supported by masts. The masts may bo either insulated or conducting. In some 
installations one of the masts is the stub used for VHF communications. Low-drag 
and flush-mounted dc^signs are skeUdied in Fig. 27-31. The low-drag design is a 
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simple vertical loop oriented in the longitudinal plane of the aircraft, 11.5 in. long by 
2.2 in, high. The feed line is inductively coupled to the loop, which is resonated by a 

series capacitor. The antenna elements 
are contained in a streamlined plastic hous- 
ing, yielding a drag of 3.5 oz at 400 mph. 
The flush design is electrically similar, 
but in this case the structure takes the 
form of a conductor set along the longi¬ 
tudinal axis of the open face of a 10- by 
6- by 3-in. cavity. To achieve the desired 
impedance level, the antenna conductor is 
series resonated by a capacitor and the 
feed point tapped part way along the an¬ 
tenna element. 

Glide-slope Antennas. The glide-slope 
receiver covers the frequency range 329 to 
335 Me and requires antenna coverage 
only in an angular sector 60® on either 
side of the nose and 20® above and below 
the horizon. This requirement is rela¬ 
tively easily met by horizontal loops or 
by vertical slots. Because of the narrow 
bandwidth, the antenna element need not 
be large compared with the wavelength. 
Two variations on the loop arrangement are sketched in Fig. 27-32. Configuration a, 
which is the widely used Collins 37-P antenna, can be externally mounted on the nose 



Fig. 27-32. 
tennas. 


Protruding glide-slope an- 


WiNG LEADING 




Fio. 27-33. Flush glide-slope antennas. 
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of the aircraft or, if drag is important, within the nose radome. It is a simple series- 
resonant half loop. Antenna b is suitable for either external or flush mounting. Its 
principle of operation is essentially similar to the cavity-marker-beacon antexma of 
Fig. 27-31. 
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SECTION A-A 
(h) 

Fig. 27-34. Hfidio-altiinotor antiMinuH: (a) Dipolo-typc clomoiit. (/>) Loadod-slot clomotit. 


Two slot arrangements are sketched in Fig. 27-33. Antenna a employs a simple 
linear slot wrapped around the leading edge of the wing. The slot is center-fed 
through a (^apacitively loaded bar. The slot length is adjusted to yield a suitable 
input resistance, and the resulting positive slot reactance is resonated by the capacitor. 
Antenna b is designed for installation in the edge of the air-intake scoop on a jet 
fighter and also employs a matching scheme similar to that of the cavity marker- 
beacon antenna. 




27-30 


AIRCRAFT ANTENNAS 


Altimeter AnteimaSi The radio altimeter, which operates in the frequency range 
400 to 440 Mo, requires independent downward-looking antennas for transmission 
and reception. Proper operation requires a high degree of isolation between the 
transmitting and receiving elements. In the usual installation, externally mounted 
horizontal dipoles are used, located on the bottom fuselage center line and polarized 
parallel to it. If the antennas are carefully designed to minimize unbalanced current 
flow on the supporting vertical structure, center-to-oenter spacings of several feet will 
provide the required degree of isolation. A typical dipole unit is illustrated in the 
sketch of Pig. 27-34o. A downward directive gain of 7.5 db relative to an isotrope 
is achieved by virtue of the array factor corresponding to the dipole and its image in 
the surface on which it is mounted. 

Figure 27-346 illustrates a loaded slot element useful for this application when 
flush mounting is required.'® To achieve directive gain equivalent to the dipolo 
installation, an array using two slots, driven in phase, and spaced 14 in. is required. 
For minimum coupling, the two-slot arrays are oriented along, and parallel to, the 
longitudinal axis of the aircraft. Because of the different phasing of the radiating 
components in the dipole and slot oases, the slot installation requires greater separation 
for the r^uired isolation. In many installations, the separation required for the slot 
installation described is unpractically large, and it is necessary to locate the arrays 
so as to take advantage of the additional shielding afforded by some component of the 
airframe, e.g., the fuselage, when the antennas are mounted on the underside of the 
horizontal stabilizer on either side of the airframe. 



27.6. OMJSriDmECTIONAL VHF AND UHF ANTENNAS 

^ In the frequency range where the principal dimensions of the airframe are many 
times the wavelength, the design of antennas requiring omnidirectional patterns, 

such as those used for short-range communications, 
is enormously complicated by effects due to the 
airframe. Since antennas of resonant size are small 
enough to be structurally feasible, the required im¬ 
pedance characteristics can usually be achieved with 
fixed matching networks without serious difficulty. 
Shadowing and reflection by the airframe, on the 
other hand, result in major distortions of the pri¬ 
mary pattern of the radiating element. 

Airframe Effects on VHF and UHF Patterns. 
The tip of the vertical fin is a preferred location for 
omnidirectional antennas in the VHF and UIIK 
range because antennas located there have a rela¬ 
tively unobstructed “view'' of the surrounding 
sphere. Figure 27~S5 shows the principal plane 
patterns of a X/4 stub on the fin tip of a B-50 air¬ 
craft at 1,000 Me. At this frequency, where the 
mean chord of the fin is 10 wavelengths, the princi¬ 
pal effect of the airframe on the radiation patterns 
is a sharply defined shadow region, indicated by the 
dashed lines in the figure. At the lower end of this 
,, frequency range, and on smaller aircraft, the effect of 

the airframe on the patterns is more complicated. Figure 27-36 shows the principal 
plane patterns of a X/4 stub on the fin tip of an F-86 aircraft at 300 Me. The deep 
nulls in the forward quadrants are due to the destructive interference between direct 
radiation and radiation reflected from the fuselage and wings. The latter contribution 






Fro. 27-36. Principal-plane pat¬ 
terns of 1,000-Mc stub antenna 
on tip of vertical stabilizer of 
B-60 aircraft. 
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is more important than in the case of Fig. 27-35 since the ground plane formed by the 
surface of the fin tip is now sufficiently small to permit strong “spillover*^ of the primary 




Fig. 27-36. Principal-plane patterns of 300-Mc stub antenna on tip of vertical stabilizer of 
fighter aircraft. 


pattern, which accounts also for the lobing in tho transverse-plane pattern. In this 
part of tho fro<iucncy range the null structure is strongly influenced by the position 
of the radiating element along tho chord of tho fin, and careful location of the antenna 
along the chord may result in improvements in the signal 
strength at the forward horizon by 10 to 16 db. Chokes 
designed to minimize current flow on the fin have been 
used successfully to minimize pattern degradation of this 
type. Su(ih measures are limited to relatively narrow 
bandwidth systems, however. 

Most external antennas are located on the top or bottom 
center line of the fuselage in order to maintain symmetry 
of the radiation patterns. Pattern coverage in such loca¬ 
tions is sharply limited by the shadows cast by the airframe. 

Figure 27-Ii7 shows the patterns of a 1,000-Mc monopolo 
on the bottom center line of a B-50 aircraft. It is appar¬ 
ent that (average is limited to the hemisphere below the 
aircraft. UHF antennas on the top of tho fuselage yield 
patterns confined to the upper hemisphere, with a null aft 
due to the shadow cast by the vertical fin. In many ap¬ 
plications, as for example in scheduled airline operations, 
these pattern limitations are acceptable and fuselage loca¬ 
tions are frecpuuiitly used. 

The deep lobing in the transverse-plane pattern of Fig. 

27-37 is duo to refloctions from tho otronKly illuminatod 

enginc nacelles. In some locations similar diihculties are Me stub antenna on belly 
encountered because of refle<^tion from the wing flaps whem of B-60 aircraft, 
they arc extended. Shadows and lobing duo to tho land¬ 
ing gear, when extended, are frequently troublesome for bottom-mounted antennas. 
One of the most serious of the airframe effects is propeller modulation. Over wide 
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portions of the VHF and UHF, spectrum signals reradiated from the propellers will 
combine with the direct signal to produce a modulation of the received signal at the 
various harmonics of the blade-passage frequency (i.e., the rotational frequency of 
the propeller times the number of blades). An example of rotor-modulation effects 
on helicopters is discussed later in this section. 

Antennas for Vertical Polarization. The simple monopole is the most commonly 
used vertically polarized VHF and UHF antenna for aircraft. For the 100- to 156-Mc 
range, the AN-104B is widely used. This is a simple tapered vertical mast with an 
airfoil cross section to minimize drag. The radiating element is 21 in. long, 1.26 in. 
wide, and 3.5 in. deep and is formed by copper plating over resin-impregnated wood. 
The drag is 2.75 lb at 350 knots. A simple shunt-stub matching network yields a 
VSWR below 2:1 from 100 to 150 Me. 

Figure 27-38 shows a modified mast developed by the late J. P. Shanklin. This 
configuration is formed as if the upper portion of the AN-104B blade just described 



Fig. 27-38. Construction of Collins 37-R-l antenna. 


had been drawn back until it lay parallel to the airframe. This reduces the aero¬ 
dynamic drag. The structure shown differs from the AN-104B also in that it is shunt- 
fed; that is, the main body of the antenna is bonded directly to the aircraft at the 
base, and excitation is by way of a notch, cut approximately halfway through the 
base of the antenna and resonated with a fixed capacitor. The feed cable is tapped 
across the notch feed loop at an appropriate point. The VSWR is below 1.4:1 over 
the 118- to 136-Mc band. The shunt-feed arrangement yields a structure which is 
very strong mechanically and is virtually impervious to damage by lightning strikes. 
The bent arrangement reduces the drag but gives an omnidirectional vertically 
polarized pattern with a low (0.6-db) cross-polarized component. 

Figure 27-39 shows a sleeve monopole for the 225- to 400-Mc UHF communications 
s:^tem, which is designed to yield a low aerodynamic drag. The cross section is 
diamond-shaped, with a thickness ratio of 5:1. A unique feature of this antcnna“ 
is the introduction of a shunt stub into the impedance-compensating network in such 
a fashion that the inner conductor of the stub serves as a tension member to draw 
the two halves of the antenna together. In addition to providing mechanical strength, 
this inner conductor also forms a d-c path from the upper portion of the antenna 
to the aircraft skin, thereby protecting the radio equipment with which it is used from 
lightning strikes. 

A number of monopole designs have been developed for the fin-tip location, intended 
for installation on a fin in which the top portion of the metal structure has been 
removed and replaced by a suitable dielectric housing. Figures 27-40 and 27-41 show 
two forms of the “partial-sleeve” monopole, consisting of a driven element and two 
short parasites, which provide excellent impedance characteristics in a simple light¬ 
weight structure.Figure 27-40 gives some basic design data for this type of 
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Fig. 27-40. Design data for simple open-sleeve antenna. 



The baeic toh-mounted vertieaUy polarized element for fuselage mounting is the 
aMular slot, which can be visualized as the open end of a largc-diamotor, low- 

T ^ impedance cu^ve of 

f Structure becomes an effective radiator only when the circum- 

Iisn^ h«t “ wavelength. The radiation patterns, on the other 

hand, have their maximum gam in the plane of the slot only for very small slot 
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Fiu. 27-42. Impedance of annular-Blot antenna. 



SLOT APERTURE DIAMETER ».-4X QUARTER-WAVE STUB SLOT APERTURE DIAMETER ».6X 



SLOT APERTURE DIAMETER =.8X SLOT APERTURE DIAMETER* 1.0 X 
Fia. 27-43. Radiation patterns of aftnular-slot antenna and quarter-wave stub on a 2^' 
wavolonKth-diamctcr eireulnr ground plane. 
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diameters and yield a horizon gain of zero for a slot diameter of 1.22\M This pattern 
variation is illustrated in Fig. 27-43. For these reasons, and to minimize the struc¬ 
tural difficulty of installing the antenna in an aircraft, the smallest possible diameter 
yielding the required bandwidth is desirable. For the 225- to 400-Mc band, the 
minimum practical diameter, considering constructional tolerances and the effect 
of the airframe on the impedance, is about 24 in. A VSWR under 2:1 can be obtained 
with this diameter and a cavity depth of 4.5 in. Figure 27-44 shows a design by 
A. Dome, together with its approximate equivalent circuit. In the equivalent 



equivalent circuit 

Fiq. 27-44. Annular-slot antenna for the 225- to 400-Mc band and CQuivalcnt circuit. 

circuit the net aperture impedance of the driven annular slot and the inner parasitic 
annular slot is shown as a series RC circuit. The annular region 1, which is coupled 
to the radiating aperture through the mutual impedance bctwc(»n the two slots, and 
the annular region 2, which is part of the feed system, are so positioned and propor¬ 
tioned that they store primarily magnetic energy when the antenna is driven. The 
inductances associated with the energy storage in these regions are designated as Li 
and Li in the equivalent circuit. The parallel-tuned circuit indicated in the equivalent 
circuit is formed by the shunt capacitance between the vane 3 and the horizontal 
disk 4, together with the shunt inductance provided by four conducting posts, 5, 
equally spaced about the periphery of 4, which also serve to support 4 above 3. From 
this^ element inward to the coaxial line, the base plate is cambered upward to form a 
conical transmission-line region of low characteristic impedance. A short additional 
section of low-impedance line is added external to the cavity to complete the required 
impedance transformation. 

^tennas for Horizontal Polarization. There are three basic antenna elements 
which yield omnidirectional horizontally polarized patterns: the loop, the turnstile, 
and the longitudinal slot in a vertical cylinder of spnall diameter. All three are used 
on aircraft (the turnstile largely for special military applications^), and all suffer 
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from a basic defect. Because they must be mounted near a horizontal conducting 
surface of rather large extent (i.e., the top or bottom surface of the aircraft), their 
gain at angles near the horizon is low. The greater the spacing from the conducting 
surface, the higher is the horizontal gain. For this reason, locations at, or near, the 
top of the vertical fin are popxilar for horizontally polarized applications, particularly 
for the VHF navigation system (VOR) which covers the 108- to 122-Mc range. 
Figure 27-46 shows a folded-dipole loop design developed by W. A. Gumming suitable 



Fio. 27-46. Foldod-dipolo VOR antenna. 



NOTE: ANTENNA CONSISTS OF IDENTICAL CAVITIES 
ON BOTH SIDES OF STA8IUZER, DRIVEN WITH 
ISO DEGREE PHASE RELATION 

Fiu. 27-40. E-fcd cavity VOR antenna. 

for this application on aircraft large enough to provide the ro<iuirod space in a tail-tip 
radomo. When the tip He(^tion is not suHiciently large to accommodate a structure of 
adecpiate Hiz(» for the VHF navigation antenna, it is frequently possible to employ a 
flush cavity dc^sign lo(^at(ul in the vertic.al fin itself. Figure 27-40 shows a design by 
I. J. Stain pal ia, which employs two loaded vertical slote, suitably phased, located in 
the fa<^<^H of a 110- by 25-in. <?avity extending through the vertical fin. The radiation 
I)aU<Tns for this ant(‘nna are usually quite satisfai^iory. Principal plane patterns 
of Hindi an ant<*nna on a DCMIB aircraft are shown in Fig. 27-47a. For comparison, 
th<‘ c()rr(‘spomling patterns produced by a ranPs-hom VOH antenna (discussed below), 
mounted above the pilot’s cabin on the same aircraft, arc shown in Fig. 27-476. The 
superiority of the cavity in the horizontal plane is evident from this comparison. The 
E-shaped radiating elements arc properly proportioned to provide a folded-dipole 
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form of impedance transformation which provides a portion of the matching network. 
When the average thickness of the fin at the location of the cavity is loss than 8 in., 
impedance matching is extremely critical unless the matching elements introduce 
considerable loss resistance. 

The question of whether a given antenna impedance can be matched over the 
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required band to a stated VSWR limitationis discussed in Sec. 2.14 and can be 
resolved through the use of the chart of Fig. 2-37. 

When a fuselage location is necessary, the U dipole, supported by a vertical mast, 
is commonly employed.^^ Figure 27-48 shows the arrangement of a shunt-fed 
U-dipole or ram’s-hom antenna, which is basically similar to the bent stub described 
in Sec. 27.5. * This design, with a shunt-feeding arrangement similar to that described 


COVER PLATE 
FOR FEED NOTCH 



Ki<t. 27-40. Dopartuni from cir<?ularity of U-dipolc aiit.(snna pattern. 

<mrlior, yi(^l<lH a VSWU of 1 <!hh than 4.8:1 over tho 108- to 122-Mo band. Increasing 
the mast height above tlie 12 in. shown will improve the low angle gain and lower the 
peak VSWR but rapidly inoroase the dynamic mechanical loads on the supporting 
structure. IncToasing th<i width of tho U will lower the peak VSWR but deteriorate 
the uniformity of tho pattern, as shown in Fig. 27-49. 

The VOU navigation system is one which is partic.ularly vulnerable to helicopter 
rotor-modulation ofTectH since, with this system, angular-position information is 
(contained in a 3()-<^ycl^^ modulation tone which corresponds closely to the third 
harmonic of th(» fundamental blade-passage frequency on typical helicopters. In 
Fig. 27-50 are shown two VOU antenna installations on an H-19 helicopter and the 
* The Collins Radio Company Typo 37J-3- 
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horizontal-plane radiation patterns of each. The fine structure on these patterns 
shows the peak-to-peak variation in signal amplitude due to passage of the rotor 
blades. The percentage of modulation of the signal received on the horizontal loop 
antenna is seen to be lower than that received on the ram’s-hom antenna. This is 
due partly to the shielding afforded the loop by the tail boom and partly to the fact 
that the loop has inherently less response to scattered signals from the blades because 





Ram’s Horn Loop 

Fia. 27-60. Two VOR-antenna locations on the H-19 helicopter and horizontal-piano 
radiation patterns. 


its pattern has a null along its axis while the ram’s-horn receives signals from directly 
above it very effectively. 

Multiple-antenna Systems. The limitations on omnidirectional coverage due to 
shadowing by the airframe described in Sec. 27.5 can be overcome by the use of two 
or more antennas. A variety of diversity schemes are possible. If the pattern cover¬ 
age of the two antennas is complementary, or at least approximately so, and if the 
separation between the two is a large number of wavelengths, the antennas can be 
connected directly together without the use of diversity techniques.The resultant 
pattern is characterized by a large number of narrow lobes, with deep nulls only at 
those angles where the patterns of the two antennas have nearly equal amplitudes, 
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as shown in Fig. 27-51. Considering the dynamic nature of the air-to-ground com¬ 
munications problem, it is easy to see that the time interval in which a given ground 
station is within one of the nulls is small, especially if the two patterns overlap in the 
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Fio. 27-51. Uesultant of two oardioid patterns connected in parallel, ro ■■ maximum 
range, t » spacing betwocn anteimaH, 4m « total angle for which the range ^ r. 

(lircctioriH hroadsido to the airplane. Sichak and Nail have described many experi- 
montH with this approach.^® 

27.7. HOMING ANTENNAS 

AirbOriu^ hoiniiig systems have been devised for various frequency bands to permit 
the pilot to fly direc^tly toward a signal source. Although the navigational data 
HiipplicHl by a homing system are rudimentary, in the sense that it indicates only the 
dire(‘.tion and not the amount of course correction required to orient the aircraft 
toward tint signal source, it is a self-contained system which docs not require special 
cooperating eciuipmcnt on the ground. Because of the symmetry of most airframes, 
it is possible to design satisfactory homing antennas in frequency ranges where direc¬ 
tion-finder antennas arc unusable because of airframe resonances or scattering effects. 

The priiKuple of operation xised in airborne homing systems is illustrated in Fig. 
27-62. Two patterns, which are symmetrical with respect to the lino of flight and 
which are ideally in the form of cardioids, are generated alternately in time either by 
swit<^hing Ixdween separate antennas or by alternately feeding a symmetrical antenna 
array in two mod(^s. 

The homing system compares the signals received under these two conditions and 
presents to the pilot an indication either that ho is flying a homing course or, if not, 
in which direction ho should turn to come into the homing course. The equisignal 
condition which leads to the on-course indication will arise for a reciprocal course 
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leading directly away from the signal source as well as for the true homing course. 
The pilot can resolve this ambiguity by making an intentional turn after he has 
obtained the on-course indication and noting whether the direction of the required 
course correction shown by his instrument is opposite the direction of his intentional 




NOTE: FEEDING TERMINAL A GIVES CARDIOID 
PATTERN POINTING TO LEFT 
FEEDING TERMINAL B GIVES CARDIOID 
PATTERN POINTING TO RIGHT 

Fig. 27-53. Homing array. 

turn (in which case he is operating about the correct equisignal heading) or in the same 
direction (in which case he is operating about the reciprocal heading). 

One of the basic problems in the design of a homing-antenna system is the selection 
of the proper compromise between directivity patterns and system sensitivity. Con¬ 
sider the idealized homing array shown in Fig. 27-53, which is assumed to be in free 
space, and hence free of airframe scattering effects. Neglecting mutual impedance 
between the two elements, it is readily shown that by arranging the feed system as 
indicated, the array will have a null in one direction along the line joining the mid¬ 
points of the two elements and that the null direction reverses as the feed is switched 
between the two sets of feed terminals. In Fig. 27-54 are shown the horizontal- 
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plane patterns for such an array with various values of element spacing. For small 
values of spacing, the pattern becomes a cardioid and is hence well suited for homing 
applications. The pattern quality, as determined by the pattern slope at the on- 
course heading (a steep slope is desirable since this will lead to a clear indication of 
course error due to a small deviation from the homing course) and by the difference 
in response between the left-hand and right-hand patterns for courses other than the 
homing course and the reciprocal course, is seen to become poorer as the spacing is 
increased. The relative system sensitivity for the homing-course direction, on the 


o 



Fio. 27-54. The effect of dipole spacing on the pattern of a homing array. 

other hand, is scon to increase as the element spacing is increased, being proportional 
to the sin (ts/X), where s/X is the spacing between elements in wavelengths. Since 
most homing systems are designed to cover a relatively wide band of frequencies, the 
element spacing must be chosen as a compromise value which will avoid excessive 
pattern deterioration at the high-frequency end while retaining as much system 
sensitivity as possible at the low-frequcncy end. The sensitivity of the system is 
increased by increasing the receiving cross section of the individual elements also, 
and hence broadband elements of resonant size are used wherever possible. At the 
lower frequencies, when resonant-size elements are too large from the standpoint of 
aerodynamic drag or for other reasons, the largest elements considered feasible are 
usually employed. 

Since it is not possible to predict accurately the effect of the airframe on the patterns 
of a homing-antenna system, the design of such a system is usually a step-by-step 
process in whi(di experimental data obtained through model measurements are used 
to suppleiKient the frco-spacc antenna design concepts. 

At Budiciently low frequencies, it is possible to use a symmetrical pair of balanced 
vertical elements as illustrated in Fig. 27-55 to achieve essentially free-space antenna 
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characteristics. The elements are decoupled from currents and charges induced 
in the wings by virtue of the balanced construction of the elements and from fuselage 
effects by virtue of their spacing from the fuselage. 

The application of this technique is limited at low frequencies by the increasing 
difficulty of maintaining the degree of symmetry between the upper and lower halves 
of each element necessary to isolate the antenna from airframe resonance effects^^ 
and at high frequencies due to scattering from the fuselage and empennage. For 



Fig, 27 ~ 55 . Aircraft homing array. Fig. 27-66. Homing system using rcsistan co¬ 

loaded loops to generate separate cardioid 
patterns. 




Fig. 27-67. Horizontal-plane patterns of homing array on horizontal stabilizer on L-19 
aircraft. 


frequencies as high as 10 Me, balanced dipoles of this typo on a DO-3 aircraft have 
been foimd to provide patterns which arc remarkably close to the frec-spacc dipole 
pattern. The design problem is made difficult at the higher frequencies because of the 
necessity for decreasing the antenna spacing, thereby placing the elements in close 
proximity to the fuselage where airframe scattering effects become more pronounced. 

The use of separate antennas to generate the right- and left-hand cardioids is a 
sound design procedure for frequencies that are above the range for which the homing- 
array technique is applicable. A homing system using two resistance-loaded loop 
antennas is illustrated in Fig. 27-56. Hero again, the balanced configuration is used 
to isolate the antennas from airframe resonance effects, and the elements may be 
placed well outboard to separate them from the fuselage. Since the low-signal por¬ 
tions of the cardioid patterns are oriented toward the scattering sources on the air¬ 
frame, this technique is capable of providing quite clean homing patterns. 

The upper frequency limit of the array technique may be extended in some cases 
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by mounting the elemente on the horizontal stabilizer as shown in Fie 27 W tk- 



Itediation patterns for the A.N/ARA-8 VHF homing array are shown in Kg. 27-58 
Ihis system operates in the frequency range of 100 to 166 Me, which is too high to 
permit the cfTeetive use of balanced elements; the AN/ARA-8 antenna system con¬ 
sists of a pair of monopolc elements which are located on the top or bottom center 
lino of the aircraft. The patterns show the scalloping usually found in this frequency 
range because of the simultaneous arrival at the antenna of signals scattered from 
various parts of the airframe, in addition to the direct signal. These effects are not 
serious provided tliat they do not so deform the patterns that equisignal indications 
occur for courses other than the homing course or the reciprocal course. 
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28.1. SCOPE AND DESCRIPTIONS 


Purpose of Direction Finder. A radio direction finder (DF) is used to determine 
the direction of arrival of a radio signal. Because signal sources of practical interest 
are many wavelengths distant, the received signal is assumed to have a plane wave- 
front at right angles to the direction of travel. The angle of elevation may vary, and 
the polarization may be vertical, horizontal, circular or elliptical. There may be two 
or more signals which arrive by slightly different paths because of ionospheric irregu¬ 
larities, particularly in the 1- to 30-Mc region. These variations are responsible for 
much of the complexity of DF systems. 

Direction finders comprise a directional antenna or antenna system, a receiver, and 
a directional indicating means, but only the antenna portion will be considered herein. 
All the goniometric or switching circuitry prior to the receiver is defined as part of the 
antenna system. 

All direction finding is based on the knowledge that the signal is a wave motion 
traveling in some given direction at substantially the speed of light, and two concepts 
of this fact are used. The first is that the signal arrives at successive points in its path 
at later and later times, and the second and more usual concept is that the phase of the 
signal is progressively varying along its path. 

To determine the direction of signal travel from time or phase differences, DF 
I antennas must consist of two or more ele- 

I R ^ ments which are physically displaced from 

I J I I II other. Since it is difficult to measure 

radio-frequency phase differences directly, 
the signals from the elements are usually 
combined so that the response of the an¬ 
tenna system varies with the direction of 
arrival of the signal. 

It is well known that all realizable 
antennas have directional characteristics 
in certain directions. It is the use of 
these characteristics and the special pre¬ 
cautions necessary to DF which are to be covered here. The phase concept is 
introduced for later use with sense antennas. 

Types of Direction Finder Covered. Rotatable Antenna Systems. Systems like 
Fig. 28-1 are those in which the entire antenna system and its directional pattern are 
rotated about the usually vertical axis of the system. In manually operated devices, 




(a) LOOP 




(b) ADCOCK 




N 


(c) ROTATING 
REFLECTOR 
Fio. 28-1. Rotatable antenna systems. 
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the system is often positioned to produce a null output from the receiver and the direc¬ 
tion is read from a scale on the antenna positioning shaft. Automatic versions employ 
a servo to position the antenna system to a null or other usable position. In continu¬ 
ously rotated motor-driven antenna systems, the receiver output may be displayed on 
a cathode-ray tube and either the null points or maximum response points may be read 
from an azimuth scale around the face of the tube. A variation may employ a motor- 
driven loop whose output is combined with a sense antenna to produce a cardioid 
pattern giving a sinusoidal modulation of the signal. This sine-wave modulation can 
be detected and compared in phase with a sinusoidal reference signal derived from the 
antenna rotation means. 



Fig. 28-2. Rotatable pattern-fixed system using crossed loops and goniometer. 


Rotaiable-paUem Fixed Systems. These systems are used where the antenna system 
is too large to be physically rotated at the desired rate. In a common version, the 
radio-frc(iuency field present in the antenna system is simulated in miniature within a 
goniometer. A search coil may be rotated in this simulated field to produce a signal 
like that of a rotatable loop located at the antenna site. Such a system is shown in 
Fig. 28-2. 

A second type called Wullenweber employs a circle of moderately directive antennas 
and a switching type of goniometer including phase delay networks. Several antenna 
outputs are combined to form a sharp pattern which appears to rotate with the 
goniometer rotation (Fig. 28-3). 

Quasv-inslanlaneo m Systems. Those systems employ two antennas and two receivers 
connected to a common indicator for simultaneous comparison of the signals received 
by the two antennas. In the Watson-Watt device,® the antennas have directional 
overlapping patterns and the bearing is displayed as a function of the relative instan¬ 
taneous amplitude of the signals in the two channels. Alternative systems have been 
proposed®^ using omnidirectional antennas spaced several wavelengths apart, the 
bearing being determined by measuring the relative phase of the received signals 
(usually at the i-f portion of the system). 
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special Direction-finder Requirements. Undedredrsignal Error, Since direction 
finding generally employs either a null indication or a sharp-beam display, and since 
these indications are secured by taking the difference or sum of radio-frequency 
voltages, severe requirements obtain for close similarity between the r-f voltages and 
phases of the antenna outputs. Similar precautions are needed in connection 
with transmission lines, transformers, goniometers, ground systems, and ground 
conductivity. 

Particularly with null systems, the introduction of small unwanted signals is 
damaging. Balanced circuitry is usually employed; transformers require electrostatic 
shielding; transmission lines must be double-shielded; and the receiver itself must not 
pick up signals. 



D^-LARGER DELAY 
lo) PLAN VIEW D3-LARGEST DELAY 

DELAY TIMES IN ROTOR= 

FREE SPACE DELAYS IN ARRAY 

Fig. 28-3. Rotatable pattern-fixed system using capacitive switching as in Wullcnweber. 


Polarizatim Error. Many DF systems employ a null or minimum response as an 
indication of direction and are designed for a specific polarization which is most fre¬ 
quently vertical. Signals of undesired polarization may produce signals when the 
antenna system is at the null position for desired polarization, either blurring the null 
or causing it to be displaced. This effect may be inherent in an antenna such as a 
loop or dependent upon transmission-lino placement or electrical length, ground condi¬ 
tions, current in supporting members, or improper electrostatic shielding. Precau¬ 
tions are discussed in connection with the various antenna systems subsequently 
described. 

Standard Wave Error. In vertically polarized systems this was originally described^* 
as the error due to a signal polarized at 46° and arriving from an elevation angle of 46°. 
It was later modified to correct for ground reflections by requiring test-transmitter 
adjustment to produce equal intensities of horizontally and vertically polarized fields 
at the antenna system under test. In practice, the intensities may be varied to pro¬ 
duce the greatest error. 
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28.2. ROTATABLE ANTENNA SYSTEMS 

The first class to be described consists of loops, Adcocks, and various other arrange¬ 
ments which combine the energy from various parts of the antenna system at the 
carrier frequency so that a variation of amplitude with respect to direction of arrival 
results. Usually a null point exists which is useful for direction finding. 



(c) INDUCED VOLTAGES (d) VECTOR ADDITION 



(e) 

Fio. 28-4. Loop roHponw^ for varying angles of signal arrival and spacing of vortical sides. 

Single Loops. Single-loop Response, The response pattern of a vertical-axis loop 
as in Fig, 28-4 (a) relative to a verti(5ally polarized signal of specified frequency arriving 
horizontally at an angle $ to the plane of the loop is 


• A cos $ 
Er » 2JS? sm —g— 
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wbich is the general expression for a one-turn loop with any spacing A radians, where E 
is the voltage induced in one vertical side. 

The response patterns are plotted for convenience against fractions of a wavelength 
d/X in Fig. 28-4e, where d is loop width in meters. 

For small spacings (d < X/4) between loop sides, sin [(A cos e)/2] in radians closely 
approximates (A cos tf)/2, and we may write 


Er E A COB e 


Introducing loop turns N and expressing A as a function of d, we write 

= NE^cm $ 


where Er is the voltage induced in the loop. 

For single rotatable loops using the null, the departure of the pattern shape from the 
exact cosine function is of no consequence up to spacings of about X. Its effect in a 
crossed-loop rotated-pattem system can be appreciable and is considered later under 
rotated-pattem systems. 

Note that in Fig. 28-4d, Er has a phase of 90® with respect to the mean of the voltages 
induced in each side of the loop. Er is also 90® out of phase with the voltage induced 
in a vertical antenna used for sense purposes. This is important in combinations of 
loop and sense antennas. 

Loop Ejfectwe Height (X). This is expressed in meters as a factor which, multiplied 
by the field strength in microvolts per meter, gives the induced voltage in the loop 
in microvolts. 


, 2^NA 

where d/X 1 

N « number of turns 
A = area of each turn, sq meters 

The effective height above is for signals arriving horizontally at a loop oriented for 
maximum response. 

RadtcUton Resistance of a Loop. A loop, small with respect to wavelength and 
remote from earth, has 


Radiation resistance, ohms 


31,200 


where N » number of turns 

A =* area of loop, sq meters 
X » wavelength, meters 

Shielded Loop. When a loop is used in practical circuits, it is generally near 
grounded surfaces, as shown in Fig. 28-5a, and is often connected to the receiver 
through a center-tapped transformer T. If the distributed capacities Ci and C% 
between ground and opposite sides of the loop are unequal, the voltages of the loop 
sides with respect to ground will cause imequal currents to flow through Ci, C 2 , and 
transformer T primary, with a resulting distortion of the pattern. To avoid this con¬ 
dition, the loop is enclosed with a metal shield as in Fig. 28-56, thus providing equal 
capacities to ground. The gap prevents the shield from behaving as a short-circuited 
turn. The shield also reduces effects of electrostatic induction fields due to precipita¬ 
tion static or nearby conductors. 

Bi^nced Loops. Even though a shielded loop may be used, its connection to a 
receiving circuit may introduce unsymmetrical capacity to ground, as in Fig. 28-6a. 
Numerous corrective measures ejdst; the use of a balanced amplifier as in part 6 or a 
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shielded transformer as in part c is common. The shield ground must be sym¬ 
metrically located, not as in part d. 


GAP 



Fio. 28-5. Corrective effect of loop shielding. 



(a) UNBALANCE DUE TO (b) CORRECT 

UNSYMMETRICAL CONNECTION 

CONNECTION 


t -rwrU 


Lmru 






POOR 


(c) CORRECT CONNECTION (d) IMPROPER TRANSFORMER 
ELECTROSTATIC SHIELD 
Fig. 28-6. Balanced loops. 


Tuned Loops. When a loop is tuned and connected to a vacuum-tube grid, the 
voltage Bvt at the grid is 


Evt 


„ taLh 


ElQl 


where El “ voltage induced in loop 
o) = frequency 
Ll n loop inductance 
El » loop r-f resistance 
Ql “ loop circuit Q 

Such tuning produces the best possible sensitivity, provided the loop does not have 
to be rcsistively loaded to secure suflicient bandwidth. An alternative expression is 

Evt “ EpKQl 

where Ep - field, mv/meter 

h — loop effective height, meters 
Ql a loop circuit Q 

Loop with Transformer Having Tuned Secondary^maaimum Gain.^^*^^ The equiva¬ 
lent circuit is shown in Fig. 28-7, where 
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El = induced voltage in loop 
Ll =* loop inductance 
Rl « loop resistance 
m = transformer turns ratio 
J^yj, ss loading resistance of vacuum tube circuits 

m*22i, = Rvt for maximum gain (matched condition) 

Loop Sensitivity with Receiver of Known Noise Factor. When a small loop is reso¬ 
nated by a condenser and connected to a receiver, the field strength Ep in microvolts 


Ll 



Fig 28-7. Equivalent circuit of loop mth transformer having tuned secondary-maximum 
gain 


per meter necessary to produce a 1.1 carrier to thermal-noise ratio at detector output 
of receiver is 


Ep 


3QN 

DH ^QF 


where N = receiver-voltage noise factor 
D = diameter of loop, meters 
B = receiver bandwidth, cps 
Q = 0 of loop resonant circuit 
F = r-f mid-frequency, cps 

Loops with /ron-rod Cores, When a low-loss core or rod of magnetic material having 
a high permeability for the applied radio-frequency field is inserted in a small coil 
used as a loop, the flux threading the loop is increased. Figure 28-8 shows the para¬ 
bolic nature of the flux paths in a ‘‘rod antenna” immersed in a uniform field.®^ 



Fig. 28-8. Flux distribution in coil with magnetic rod. 

The magnetic core increases the flux, the coil inductance, and the coil Q in varying 
amounts, so that it is necessary to consider these variations together in order to 
determine optimum performance. 

The increase in flux in a narrow coil at the rod center may be defined as due to the 
apparent permeability of the rod (Mrod). This depends on the rod dimensions and the 
intrinsic permeability of the rod material when measured in a toroid (ixtoroid)- 
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Figure 28-9 shows Mr.d for rods and hollow cylinders with various l/d ratios and dif 
to permeabilities). Induced voltage is proportional 

The in inductance may be expressed as an increase in the coU permeabilitv 

{nmw). This IS greater for longer coils, as shown in Fig. 28-10, curve o. The Q hovf 
over, decreases as the coil is lengthened, as in curve h 



t/d 


Fi<». 28-9. Apparent permeability of rod (increase of flux in. the coil) with respect to rod- 
huiKih <lifiinol(*r ratio for various toroidal permeabilities of rod material, dt and di are, 
n*Hp<*(^tivoly, insido and outside diameters of hollow rods. 
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The HciiHitivity of a rod-and-ooil antenna varies with coil length, as in curve c of 
Fig. 28-10. It is exprcHBod as the field strength necessary to produce a 10-db signal- 
U)-n<>iHo ratio. Since loop anteimas must generally be tuned with a specified con- 
dwiHcr, the miitiber of turns was adjusted to produce the same coil mductance for 
each different length. It is clear that short coils are most desirable. 
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The displacement of a short coil from the rod center increases Q and decreases /iouii 
as in Fig. 28-11, but does not markedly increase the sensitivity as might be expected 
because Mrod, or the dux within the coil, decreases toward the end of the rod. 

Loops with Iron Spheroidal CoreaJ^^ In Fig. 28-12 the long axis 26 of the prolate 
spheroid iron core is shown perpendicular to the plane of the loop Li, with the mag¬ 
netic field Hi in the direction of the long axis. The ratio of the induced voltage with 
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Fig. 28-11. Displacement of coil from rod center versus m coil, Q, and relative sensitivity. 



Fig. 28-12. Prolate spheroidal core with loop coils around major and minor axes. 

the core to that without the core is shown in Fig. 28-13 for various Mtoroxd (intrinsic 
permeabilities) of the core and increasing ratios of 6/a. 

When the loop is wound as an ellipse (shown in Fig. 28-12 as Li) and the field is Ha, 
the induced voltage with core divided by the voltage less core is plotted in Fig. 28-14. 

Loop Rotatable Transformers, These may be used with loops in place of slip rings, 
as shown in Fig. 28-15. 

Ferrite cores and close spacing 3 deld a coupling coefficient greater than 0.9 for low 
frequencies, resulting in losses less than 1 db. Because of close spacing, an electro¬ 
static shield is necessary. It is shown in the sectional and developed views as a 
number of wires forming a cylinder between the windings. The common ground 
must be at the center and broken at one point to avoid short-circuited turn effect. 
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Fio. 28-16. Rotatable traimfornicr. 



(a) CARDIOID PATTERN WHEN EQUAL LOOP MAXIMUM AND VERTICAL 
ANTENNA VOLTAGES ARE COMBINED IN PHASE (K = l) 



(b) IN PHASE COMBINATION 
K=0.5 GIVING DISPLACED 
NULLS 



(c) QUADRATURE COMBINATION, 
K=0.2 GIVING BLURRED 
NULLS 


Fig. 28-16. Loop and vertical-antenna (uinibinatioi: 


Loo-p and Vertical Antenna. The voltage induced in a vertical antenna at the 
center of a loop is nearly in phase with the induced voltage in a loop side and therefore 
90° out of phase with the loop open-circuit voltage. This antenna voltage may be 
combined with the loop voltage in quadrature or be shifted into phase and combined. 
Figure 28-16 shows effects on the pattern where K equals the fractional relationship 
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of antenna to loop-maximum voltage. In part a, X = 1, and in-phase relation gives 
a cardioid pattern. Part 6 shows K = 0.6 for in-phase combination. Part c shows 
K =» 0.2 for quadrature mixing. Response for in-phase conditions is given hv 

Loop Sense of Direction. Which of the two loop nulls indicates the correct bearing 
is usually determined by switching in some vertical-antenna voltage and noting which 
direction loop must be rotated to secure a null. 




PHASE RELATIVE TO CENTER 
(C) SHOWN BY+AND- 

Vw. 28-17. pattorns of horizontal dipoles of 1, and lH wavelengths. 


iMop Krrors. For signals of zero elevation, the loop shows no error as the polariza¬ 
tion is rotaUtd from vortical to horizontal, but the induced voltage (at maxiinum 
riwponsi, position) is proportional to the cosine of this angle of polarization rotaUon 

from the vc^rticiil. , . . 

Downcoming pur(^ vertically polarized signals produce neither error nor reduction 

in maximum rc^ponws but any horizontally polarized o^/^Ko^oLjization 

tho normal null position. The slandard toaoe error for a loop is 37 (45 polarization, 

45" (Novation angle). the 

Note that both lilting and rotating the loop to .. ^hioh 

direction of arrival. It can only determine the direction o gn > 
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is not sufficient, because such an inclined magnetic field may be produced by many 
combinations of direction, elevation angle, and polarization rotation. 

Horizontal Dipole. The horizontal patterns in free space for center-fed dipolps of 
length L = X/5, X/2, X, and 3X/2 are shown in Fig. 28-17. 


Length 

Pattern factor 

10 

sin $ 

X 

cos (7r/2 COB 0) 

2 

sin 0 

X 

cos (t COS 0) + 1 
sin 0 

3X 

/Stt \ 

cos 1 — COS 6j 

2 

sin 0 


The three-dimensional patterns are all solids of revolution of the horizontal pattern 
around the long axis of the dipole. Thus for L =» X/10 the shape is that of a doughnut 
with zero-diameter center hole. 



RATTERN FOR 
L<X/4 


00 ^ 


0 * 


Fig. 28-18. Elevated-H-Adcock antenna. 


For direction finding on horizontally polarized signals the horizontal dipole may 
be used as a manually rotsCted device with aural null indication. It is generally 
restricted to the VHF and UHF regions. 

Errors due to downcoming signals having some vertical polarization are negligible, 
since the pattern of the horizontal dipole is unaffected by elevation angle. Any 
currents in the vertical support, however, may induce voltages affecting the null. 

Elevated H Adcock. For frequencies in the 2- to 30-Me region, a loop is unsatis¬ 
factory because of its large errors on downcoming sky-wave signals containing some 
horizontally polarized energy. 

To minimize these errors, the arrangement of Fig. 28-18 is used. Two vertical 
dipoles are spaced by a horizontal support v/hich carries balanced transmission lines 
cross-connected at the center to a line feeding the receiver. 

The pattern for vertically polarized signals in the horizontal plane appears in Fig 
28-4e and is similar to that of a loop. The induced voltage of the system for*spacing L 
less than X/4 is 
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Ewd « field strength (Mv/meter) X 0.635H X L (electrical degrees) cos B 
where H = height of a dipole, meters 
e = angle of arrival 

0.636 = effective height of a 1-meter dipole 

For downcoming signals arriving at angle <l> to the ground, the above response Bind 
is multiplied by cos® 4>, since both the phase 
difference between dipoles and their induced 
voltages decrease with cos <f>. 

Since the capacities to ground Cv and Cl of 
the upper and lower halves of the dipoles are 
unequal, some shortening of the lower halves is 
required to secure balanced output. 

Elevated-jff-Adcock systems are usually 
manually rotated to secure a null. For UHF, 
the smaller size (L = 18 in.) allows high¬ 
speed motor rotation and a cathoderay-tube 
indication. I 

Standard wave error for an H Adcock with- ^ 

out artificial balancing has been given^^ as 4 28-19. Vortical coplanar spaced 

for 10 Me and 3® for 1 Me. At VHF, the loops rotated about vertical axis A-A. 

errors vary with frequency and are greatest 

when (1) the product of aerial length and spacing equals X/20; (2) the spacing is X/2; 
and (3) aerial length and spacing = 0.8X.®“ 

Spaced Loops. These are useful for sky-wave signals. At the null, downcommg 
horizontally polarized energy (which causes errors in single loops) produces identical 
signals in each loop, which are canceled by the cross connection. In addition, the 




induced voltage of dowiw^orning signals is not reduced as with Adcock antennas. 
Two types of spaced-loop systems are used as follows: 

Vertical Coplanar Ijoops. Connections are as in Fig. 28-11), and patterns in Fig. 
28-20. The c>pon-(drcuit voltage is 

ElNl>/Sll>K L COM d ^^2(1 — cos (*S cos (?)] 
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where Eisd = voltage induced per loop side 

S® =» electrical degrees between center of loops 
$ angle of arrival 

L loop side to side spacing, electrical degrees. L < X/4 
Vertical Coaxial Loops. Although coplanar loops reduce sky-wave error, there 
may still be some coupling between loops and the horizontal support. Coaxial loops 



( 0 ) 



(b) 

Vertical coaxial spaced loops and response pattern. Dotted lines indieiite 
effect of undesired horizontally polarized signal. 

as in Pig. 28-21a decrease this coupling and improve the null quality, but at the 
expense of a 4-null-per-revolution pattern as in Fig. 28-216, which is described by 

jp _ El Al As . o/, 

Er =- - -sm 26 

where El = induced voltage one side of a loop 

Al — loop side-to-side spacing, electrical degrees 
As = loop center-to-center spacing, dectrical degrees 
e = angle of arrival measured from line through center of loops 
The^ null in the 0 to 180° direction will be clear under all conditions, while the 90 to 
270 null will be blurred as shown in the dotted lines when horizontally polarized 
downcoming signals are present. 
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UoTU^ Covlan^r Loovb When spaced loops are arranged as in Pig. 28-22 so 
m to liG in the horizontal plane, the pattern for horizontally polarized signals is the 
sainc ^ for the elevated H Adcock with vertical polarization, i.e., a simple Lure of 
cught for spacmgs below X/4. As in the Adcock, the polarization error te small and 
response to downeoming signals is proportional to cos* 4 ,, where a = « of elevation 

of the signal. 


A second class of DF rotatable arrays includes the following. 
AmpUtude-comparison Systems. These employ two directive-antenna arrays 
whose relative amplitude is examined to determine direction. The advantages are 




PATTERNS RECEIVER IND. 

I'Ki. 28-23. Switching of overlapping directive patterns. 


in<T('aH<*d gain, rciHisiancc to interfering signals from the rear, and occasionally di^- 
tiolarization rc'HpoiiHO.. '^Two directive elements are generally arranged with identical 
ovt^rlapping patteruH as in Fig. 28-23 and are alternately switched into the receiver 
input. The nMuiiver output is synchronously switched to two positions on a cathode- 
ray tube to allow comijarison of the two signal levels, which are made to be equal by 


rolaiioti of the entire system. . 

A wide variety of antenna typos may be used with amplitude-comparison systems. 
Virtually any antenna with unidirectional properties may be iwed, and the reader is 
referretl to th(> other chapters of this book for the oharaoteristics of suitable antenna 


types. 
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Airborne Automatic DF (ADF). This is a special case of a vertically polarized 
rotatable system which avoids ambiguity by using both a loop and a vertical sense 
antenna. The combination pattern of the two antennas is a cardioid whose broad 
null is unsuitable for DF. By the ingenious expedient of modulating the loop with 
a low audio frequency, the sharp loop null is used without the masking effect of the 
sense antenna or of noise. The modulation detected and delivered by the receiver 
is then proportional to the RF voltage induced in the loop. 



+AND-INDICATE INSTANTANEOUS R.R PHASE (a) 

LOOP POSITION B 

Ay\/'^v\A iS v/\/\.^y\/V 

WWVTr^ WWV 

Wv—ISF ^-VVV 

RECEIVER 
AUDIO 

Fig. 28-24. L-F automatic-diroction-finder block diagram with modulating and demodulat¬ 
ing voltages. 





LOOP POSITION A 


(b) 

.REF AND 
LOOP MOD 
VOLTAGE 


In Fig. 28-24 is seen a loop in two possible positions A and li on opposite sides of a 
null for the signal. This loop voltage is fed to a balanced modulator driven by a 
reference audio oscillator of, say, 90 cycles. This kind of modulator suppresses the 
carrier and delivers the two sidebands to the receiver. The instantaneous r-f phase 
of these sidebands differs by 180° for conditions A and li, since the loop phase reverses 
when passing through a null. 

When the sidebands are recombined with the constant-phase sense-antenna energy, 
the resulting audio envelope and demodulated signal change phase 180° (with respect 
to the reference) as the loop r-f voltage changes 180° in passing through a null. A 
phase detector and servo rotate the loop in the right direction to approach the null 
giving the correct direction. The opposite null is theoretically a point at which the 
servo could also come to rest but in practice is unstable. 
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28.8. FIXED ANTENNA SYSTEMS WITH ROTATABLE PATTERNS 

Principles. These systems are used to simulate the rotation of a directional 
antenna which is too large to be physically rotated conveniently. As an example 
of the principle, Fig. 28-2 shows a crossed-loop arrangement feeding a goniometer 
having two stator coils at right angles to each other and enclosing a small rotor coil. 
It is desired to simulate the radio-frequency field (exciting the antennas) within the 
goniometer, so the rotor may be treated as if it were a real rotating loop. 

It is necessary that the antenna patterns be proportional to sin 6 and cos 6 and be 
identical in maximum response. In addition, the coupling law between rotor and 



Fia. 28-26. I^ropcller pattern CRT display and sense pattern as used in high-frequency 
direction finder. 



ARRAY DIAMETER-WAVELENGTHS 


Fio. 28-20. Spa(dng (octantnl) errors in Adcock systems: (o) 4-olomont, 2-phase, (b) 
8-el(sincnt, 2-pliaH(s 46° b<*tween parallel autonnaH. (c) 8-elcmont, 4-phasc. (d) 8-oloment, 
2-phaBO, 56° between parallel ant<ninaH. 


stators must vary in a sinusoidal manner. Remembering that loop phase reverses 
as signal passes through a null, the individual vectors representing the separate stator 
fields and their resultant arc shown in the figure. 

The rotor may bo turned manually to secure an aural null or motor-rotated in 
synchronism with a circle on a cathodo-ray tube which is displaced inward for increas¬ 
ing signal. Figure 28-25 shows the typo of display together with a sense pattern. 

Limitations and Errors. If the loop width or Adcock element spacing exceeds 
X/6, the response patterns depart from the true cosine law (Fig. 28-4e). For two 
crossed pairs (as a four-(doment Adcock) no errors occur at 0, 45, 90®, etc., but at 
22J^, 073^®, etc., the relative energy fed to the stator coils differs from X/5 conditions 
and the resultant field is displac(sd toward the greater response. The error so pro¬ 
duced is octantal in nature and alternately positive and negative. The form and 
magnitude of such maximum errors for various fractional wavelength spacings arc 
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shown in Fig. 28-26 for four- and eight-element Adcocks. The error is about 1° maxi¬ 
mum for a four-element spaced X/5 or an eight-element spaced 0.95X and, because it 
increases with frequency, cannot be compensated for in the goniometer. The spacing 
error for a given four-element Adcock decreases with angle of elevation of arriving 
signal, as in Fig. 28-27. 

Quadrantal Error. This occurs when the gain of the north-south pair of antennas, or 
its transmission-line loss, or its stator-to-rotor transfer differs from corresponding 
characteristics in the east-west. On ships the loop whose plane lies fore and aft 



ANGLE OF ELEVATION 

Fio. 28-27. Decrease of spacing errors with increase in elevation angle of signal. 



Fio. 28-28. Poor CRT DF pattern due to phase difference in antenna circuits. 

receives more signal because of hull currents, and compensation is required. An 
amplitude difference of 3 per cent produces about 1® error at the 45® points. 

Tuning Errors, Tuning of each pair of antennas requires that each circuit has the 
same Q and be tuned to exactly the same frequency. Reference to universal resonance 
curves®® will show that if the resonant frequencies of the two pairs differ by as little 
as 0.2 per cent the amplitude responses (for circuit Q's of 100) will differ by 6 per cent, 
with a consequent error of about 1 }^®. In addition, the phase difference will be about 
24® and will produce a poor CRT minimum pattern as in Fig. 28-28. For these 
reasons tuned circuits are not in practical use except in very special circumstances. 

Crossed Loops. These are generally used for vertical polarization at frequencies 
below 1.5 Me where small size of the antennas is necessary and where errors due to 
sky-wave reception are small. The arrangement appears as previously shown in 
Fig. 28-2. The performance is similar to that of a single rotated loop of the same 
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size, except that the coefficient of coupling of the goniometer (which may be 50 to 
60 per cent) reduces the energy transfer. Because of space requirements, the loops 
are usually much less than IX in diameter, and negligible spacing error results. 

Crossed Horizontal Dipoles. These can be used for horizontal polarization. 
X/2 dipoles provide a convenient 73-ohm radiation resistance for matching purposes 
but introduce an octantal error of about 3}^®. X/4 dipoles reduce the error to 1 , 

with a radiation resistance of approximately 20 ohms. Since dipoles are usually 
employed at frequencies above 60 Me, a capacity goniometer is frequently used to 
avoid the necessity of shielding an inductive goniometer. 

VERTICAL 



(o) ELEVATED H (b) BURIED U 



(e) BURIED TRANSMISSION LINE 

Fig. 28-29. Adcock antenna variations: elevated, buried, balanced. 


Fixed Adcock Arrays with Goniometer. The basic Adcock building block consists 
of a pair of antenna elements spaced and cross-connected to produce a figure-of-dght 
pattern and providing the very useful characteristic of being relatively insensitive 
to the und(wired (usually horizontal) polarization. One form consists of two vertical 
dipoles elevated above ground; the other form employs monopole antennas working 
against ground. Various arrangements are shown in Fig. 28-29. The monopole 
typos are most frequently used, particularly the one employing buried transmission 

lines. ^ ^ 

Four or eight separate antennas combined as in Fig. 28-30a and h are generally 
used. Eight antennas allow greater spacing and more gain for a given error, the limit 
of spacing being 1.22X for an infinite number of antennas. In part c a simpler goni¬ 
ometer may be used, provid(^d 2® of spacjing error may be tolerated. Errors due to 
nonsymmetrical mutual coupling have not been evaluated.*** 

Spacing of greater than JiX rociuires a separate sense antenna. 

The Hjiacing errors of four antennaH (two pairs) and eight antennas (four-phase 
goniometer) are shown relative to spacing in Fig. 28-26. ^ ^ 

Wullenweber- Wulhuiwebor consists of a number of vortical antennas symmetri¬ 
cally located around a cylindrical screen as shown in Fig. 28-3. Each antenna m 
connected to a capacity stator segment of a rotating switch. The rotor segments 














DIRECTION-FINDING ANTENNAS 


28-22 


span about 100® of arc and feed delay lines 2)i, Dj, and Ds, whose values are equivalent 
to the like-marked free-space delays of the signal. The signals from all antennas 
arrive at the receiver in phase to produce the sharp beam due to a broadside array. 

The system pattern has maximum gain on its axis of symmetry, but the side-lobe 
level is only 12 db down. Introduction of loss into the off-center antenna circuits can 
modify the pattern as described in Chap. 2 for fixed broadside arrays. 



W 8 ELEMENT-2 PHASE 


O—(TT-ip O 

(b)8 ELEMENT-4 PHASE 

PLAN VIEW ADCOCK ARRAYS 
WITH 60NI0METER.STAT0R 
COILS ARE CONNECTED 
DIAMETRICALLY ACROSS 
CENTER,AS I TO 1,2 TO 2 


Fig. 28-30. Adcock array and goniometer connections. 


^ SIGNAL 


ANTENNA OUTPUT 



PLAN VIEW 


DOPPLER PRINCIPLE 
ANTENNA MOVED IN CIRCLE 


Fig. 28-31. Doppler principle. 


Doppler. The basic principle depends on moving an antenna in a circular path 
and comparing the resulting phase or frequency modulation of a receiver signal with 
the antenna rotational position. In Fig. 28-31 a single vertical antenna is moved 
about point 0 at T revolutions per second. The frequency of the received signal is 
unchanged at N and /S, but is decreased at E and increased at W. The antenna 
output is phase-modulated at rate T. The receiver is usually arranged to multiply 
the signal to produce frequency modulation, after which the signal is heterodyned 
to a convenient intermediate frequency and detected in a discriminator to produce an 
audio output whose phase can be compared with a reference signal derived from the 
antenna rotation. The radius of the antenna circle is limited to X/2 at the highest 
usable frequency in order to avoid ambiguities. 
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In practical systems, a circular fixed array of vertical antennas is used and the 
phase modulation secured by connecting the receiver to successive antennas by means 
of a capacity switch. 

The antenna requirements are relatively moderate, since amplitude variations are 
removed by limiting. Dipoles or monopoles may be used, provided they are similar, 
but equal electrical length of transmission lines must be maintained. 



Fiu. 28-32. Rotated reflector and vertical antenna witii resultant modulation. 



Fio. 28-33. Reflective c^lTecst of parasitic antenna O.flX and less. 


Circuitry inv<)lv(‘(i in use of arrays over IX in diameter and depending on cyclical 
phiisc difTeren(^(^ b(d.w('(*n adjac^ent antennas is covered in Refs. 35 and 57. 

Fixed Antenna with Rotating Reflector. When the wavelengths of interest are 
Hufli<u(uitly short (say, 3 imacrs) to permit mechanical rotation of a reflector, the signal 
r(uunv<Ml by a fixed vertic^al ant<*.iina may be modulated with a rotated reflector as 
in Fig. 28-32. 'rhe patt(^rn is approximately cardioid in shape and because of 
metry can contain only odd harmonics and fundamental when demodulated. e 
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phase meter used to compare the receiver output with the reference voltage must 
respond to the fundamental component only. Additional depth of modulation can 
be secured by use of a director less than X/2 for the highest frequency used. 

Experimental curves showing the front-to-back ratio of a X/2 antenna with various 
lengths of parasitic antennas at different spacings are shown in Fig. 28-33. Note 
that the parasitic antenna is a reflector when over X/2 long and becomes a director 
as the length and spacing decrease. 


RXED FERRITE 
ARMS- 






ROTATABLE SMALL 
LOOP ON FERRITE 
CORE 


SMALL AIRBORNE LOOP 
WITH MAGNETIC CONCENTRATORS 


Fio. 28-34. Airborne ADF loop with magnetic concentrators. 


Airborne Loop with Magnetic Concentrators. To avoid moving largo masses of 
iron in an airborne servo-driven loop, the loop is made small and placed in the field 
of four fixed ferrite bars as in Fig. 28-34. Various length-corrector bars are attached 
to adjust for quadrantal error caused by the airplane structure. The principle of 
operation is the same as for standard DF. 


28.4. SPECIAL QUASI-INSTANTANEOITS TYPES 

Watson-Watt. The Watson-Watt DF employs two loops or Adcocks at right 
pnei«. as in goniometer (Bellini-Tosi) systems (Fig. 28-35). The output of each 



Fia. 28-36. Watson-Watt dual-channel instantaneous-DF block diagram and pattern. 

antenna pair is amplified by a separate receiver and applied to one pair of deflccitioii 
plates of a CRT indicator. The bidirectional pattern may be modified by sense- 
antenna energy so as to blur the reciprocal-bearing direction. A test signal is rcqtiircd 
to allow the receivers to be adjusted for equality of gain and phase. The Watson- 
Watt system is useful for the reception of short-duration signals since it produces a 
practically instantaneous display. 

Phase Comparison.®* These systems have been proposed using two omnidirectional 
antennas spaced several wavelengths apart with each connected through a receiver 
to a phase detector and indicator. In this case the separate channels require excellent 
phase stability. 
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28.6. SENSE ANTENNAS 

The various systems which employ a figure-of-eight autenna pattern have a 180® 
ambiguity. To resolve this, energy from a vertical sense antenna with omnidirec¬ 
tional pattern is combined with the figure-of-eight voltage to produce a cardioidlike 
pattern as in Fig. 28-6o. If the loop is then rotated from one mfil position (say, 0 ) 
toward 90°, the signal will decrease. If rotation in the same direction starts from 
180®, the signal will increase. Hence the direct and reciprocal bearings may be 
determined. 



Fig. 28-36. Sense-antenna circuits using resistance. 



Fig. 28-37. Dual-delay sense-circuit principles. 


From Fig. 28-*!^, the sonsc-antcnna induced voltage is 90® out of phase with respect 
to the loop resultant induced voltage Er, Es must be shifted 90® to allow combina¬ 
tion with the loop voltage to produce a cardioid. 

Sense phase shift may be secured by resistance-loading the sense 
2,000 to 5,000 ohms or using an amplifier with gam control as in big. 2^* . 
relatively narrow bands, a length of transmission lino may ofton bo inserted in tne 

sense circuit and adjusted experimentally. j in 

For broadband applications, and in Adeocks where the loss due to a resistance m 
the sense-antenna circuit cannot be tolerated but where coupling amplifiers are per¬ 
mitted, another scheme is possible. ^ Aminme a 

Consider a four-element Adeock with a sense antenna at the center. * 

signal arriving in line with a pair of DF antennas; the other pair is ® m 

be neglected. In Fig. 28-370 arc soon DF antennas X and Y spaced B meters fro 
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the sense antenna and connected to a common point C by R meters of transmission 
line. For discussion, insert R meters of line in a sense-antenna circuit. 

The vector conditions at C before combination are shown in part b, where Ex 
and Ey lead and lag Ea by a electrical degrees, which is the free-epace delay due to R 
meters. After combination. Ex is shown reversed as in actual practice and the DF 
resxiltant voltage Eb is seen to be 90*^ out of phase with Es- 

Suppose that in part c we modify the connection from to C by providing two 
paths in which the delays are R meters --a electrical degrees and R + a electrical 
degrees. Consider the two output voltages now delivered to C slb E 31 and Esi- 
They appear vectorially as leading and lagging the original E 3 (at C) by a. Now 
reverse Eat and combine with Esi to produce the resultant sense voltage Esr which 
is in phase with Er. 



Fig. 28-38. Dual-delay practical sense circuit. 

The amount of transmission line to be removed or added to H must have the same 
delay as a. Hence 


Li^R --VR and Lj - -h VR 
where R = radius of array 

V = velocity of propagation of transmission line used expressed as fraction of 
speed of light 

A practical circuit appears in Fig. 28-38. 
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29.1. DEFINITION OF RADIO TELESCOPE 

A radio telescope consists of an antenna for collecting celestial radio signals and a 
sensitive receiver for detecting and recording them. The antenna is analogous to 
the objective lens or mirror of an optical telescope, while the receiver-rworder is 
analogous to the eye or photographic plate (Fig. 29-1). By analogy the entire 
antenna-rocciver-recordor system may be referred to as a “radio telescope, althoug 
it may bear little resemblance to its optical counterpart._ 
Radio telescopes are used in much the same manner as ordinary astronoimcal 
telescopes, that is, for the observation and study of extraterrestrial emitting ^diM. 
However, at radio wavelengths the sky has a strangely different appearance. With a 
radio telescope the sun is much loss bright, while the Milky Way shines with tr^ 
mondous brilliance, and Imndrods of new objeiits called radio “stars or localized 
sources dot the sky, forming totally unfamiliar constellations.®'*®’*®'*'* ^ 

The earth’s atmosphere and ionosphere arc opaque to electromagnetic waves with 
two principal exceptions, a band or window in the visual and infrmed ropon and a 
wider window in the radio part of the spectrum. This radio window extends from 
at least 1 cm to 20 meters wavelength, being limited on the short-wavelength side by 
molecular absorption and on the long-wavelength side by ionosphenc reflection, 
telescopes observe through this radio window, and any antenna employed for 
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such celestial observation may be called a '^radio-telescope antenna.” Since the 
wavelength range in radio astronomy is at least 2,000 to 1, many different forms of 
antennas are used.^^’ 

There are several reasons for the different appearance of the sky at radio and visual 
wavelengths. Radio waves are immensely longer than light, and a celestial object 
that is an intense light source may be a very weak radio emitter, and vice versa. 
Also radio waves easily penetrate the huge clouds of dust in space that hide many 
objects from visual observation. Furthermore, radio telescopes have potentially a 
greater range than optical telescopes (see Sec. 29.8). 

It should be noted that radio telescopes are entirely passive; that is, they receive 
only, depending on natural phenomena in the sources for the generation of the radio 
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Fig. 29-1. Analogy between radio telescope and optical telescope. 


waves. Many radio objects are so distant that it would take millions of years to 
receive a radar echo. Regardless of other considerations, such as the power required, 
this long echo interval is quite sufficient to make radar impractical. There are, 
however, two important exceptions. Radar can be employed to track meteors and 
also to measure the distance to nearby celestial objects, such as the moon and, prob¬ 
ably in the near future, also some of the planets. Radar systems for such applications 
may be appropriately referred to as “radar telescopes.”** Although radar telescopes, 
as such, are not discussed in this section, much of the material applies to them as well 
as to radio telescopes. 


29.2. FUNCTIONS OF RADIO TELESCOPES 

The purpose of a radio telescope is to detect and study celestial radio sources. In 
general, the ideal radio telescope should be able to provide as accurate and complete 
information as possible concerning each of the following source parameters: 

1. The position of the source in the sky 

2. The total power flux of the source and, in case the source has appreciable angular 
extent, the manner in which this power flux per unit solid angle (brightness) is 
distributed 
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3. The polarization and, in case the source is extended, the manner in which it 
varies with position 

4. The modulation of the signal, if any 

5. The dependence of the power flux (also its distribution, polarization, and modula¬ 
tion) on frequency, that is, the spectrum 

6. The variation of position, power flux, polarization, and modulation with time, 
as could be produced by motion and variability in strength of the source 


29.3. POSITION AND COORDINATES 

The accurate position of the source is necessary to distinguish the source from 
others and to assist in its identification with optical objects where possible. The 
position is conveniently expressed in celestial equatorial coordinates,^® right ascension 
(a) and declination («). The poles of this coordinate system occur at the two points 
where the oarth*s axis, extended, intersects the celestial sphere. Midway between 
these poles is the celestial equator^ coinciding with the earth’s equator, expanded. 

.. -The declination of an object is expressed in degrees and is the angle included between 
the object and the celestial equator. It is designated as a positive angle if the object 
is north of the equator and negative if south. For example, at the earth’s equator a 
point directly overhead (the zenith) has a declination of 0® while at a north latitude 
of 40® the declination of the zenith is +40®. 

The meridian is a great circle passing through the poles and a point directly overhead 
(the zenith). The hour circle of an object is the great circle passing through the 
object and the poles. The hour angle of the object is then the arc of the celestial 
equator included between the meridian and the object’s hour circle. This angle is 

usually measured in hours. rx - n j / 

A reference point has been chosen on the celestial equator. It is called the vemat 
equinox. The arc of the celestial equator included between the vernal equinox and 
the object’s hour circle is termed the righi ascension of the object. It is measured 
eastward from the vernal equinox and is usually expressed in hours, mmutes, and 
seconds of time. It can also be expressed in degrees (®), minutes ('), and seconds 
(") of arc since: 

1 hour = 16® 1 min « 16' 1 sec = 16" 


The right ascension and declination of an object define the position in the sky, inde¬ 
pendent of the earth’s diurnal rotation. However, because of the earth’s precision, 
there is a gradual change in these coordinates for a fixed object in the sky, the change 
completing one cycle in 20,000 years. Thus the right ascension and decimation of an 
object will again be the same as they are now in 26,000 years. To be explicit, rt is 
necessary to specify the date to which the right ascension and declination refer. This 
date is vhWmX the epoch. At present the epoch 11)50.0 is most commonly used; that is, 
the right ascension and declination are those of Jan. 1, 1960. j. . v• v 

Sometimes the positions of celestial objects are given in galactic coordinates whia 
are based on the geometry of our galaxy.*«“ These coordinates are mdependent of 

the earth and hence require no date or epoch. ^ t -u- x, • 

By placing an antenna on an equatorial mounting^ that is, on axes one of which is 
parallel to the earth’s axis and the other perpendicular to it, measurements of the 
right ascemsion and declination are greatly facilitated. However, if the antenna is 
mounted on vortical and horizontal axes, a coordinate conversion is required to obtain 
the right as(u^nflion and declination. The coordinates of antenna motion in this case 
are the altitude (or elevation) and the azimuth (horizontal angle), and hence this type 
of mounting is often called an altazimuth mounting. 
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For a more complete discussion of astronomical terms reference should be made 
to a book on astronomy. i'**i°'i***‘'*®'*®'” 


29.4. POWER FLUX DENSITY AND OTHER UNITS 


Radiation over an extended area of the sky is conveniently specified in terms of its 
hrightnessj that is, the power per unit area per unit bandwidth per unit solid angle of 
sky. The symbol B is used for hrightneaSf and in mksc units it is expressed in janskys* 
per steradian. Thus 

B * brightness (janskys rad"®) 

where 1 jansky *= 1 watt per square meter per cycle per second 
or jan = w m“* cps~i 

Solid angle is sometimes expressed in square degrees. Thus 

1 steradian =» 57.3® square degrees 3,283 square degrees 

The integral of the brightness B over a given solid angle of sky yields the power 
per unit area per unit bandwidth received from that solid angle. This quantity is 
called the power flux density."t The symbol 8 is used for power flux density, and in 
mksc units it is expressed in janskys. Thus 

iS = J/R dS2 = power flux density (jan « w m"* cps"“^) (29-1) 

where B = brightness (jan rad”*) 

do = element of solid angle (rad®) 

The power flux density is also sometimes called the intensity. 

In general, the celestial radio radiation has a continuous spectrum and, integrating 
the power flux density from a radio source with respect to frequency, yields the total 
power flux density St in the frequency band over which the integration is made. 
Thus 

St “ JSdf ^ total power flux density (w m“*) (29-2) 


where S *» power flux density (w m“* cps"^) 
df =■ element of bandwidth (cps) 

There is a continuous background of radio radiation extending over the entire sky. 
This background radiation is a function of position in the sky and is conveniently 
specified by the brightness B, that is, the power flux density per square degree. 
Integrating B over a solid angle of sky yields the power flux density 8 from that solid 
angle. The power flux density is power per unit area per unit bandwidth at a par¬ 
ticular frequency. As mentioned above, integrating this over a frequency band Af 
yields the total power flux density St from that band of frequencies and solid angle £2. 
Thus 


Sr = j^jjBdadf= B.T.Q A/ 


(29-3) 


where B = brightness (jan rad”®) 

9 = solid angle (rad*) 

Af = band of frequencies (cps) 

5ava = average brightness (jan rad”*) over 9 and Af 


* The jansky is named for Karl G. Jansky, pioneer American radio astronomer, who 
was the first to detect radio waves of extraterrestrial origin. However, the unit has not 
yet been adopted officially.^^ 

t In optical astronomy the power flux density from a star is sometimes called its bright¬ 
ness. When this is done, the brightness B as defined above is called the surface brightness. 
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Whereas the brightness B is convenient for specifying the strength of radiation 
from extended regions of the sky, the power flux density & or total power flux density 
5r is used for indicating the strength of localized sources or small areas of the sky. 


Table 29-1 


Source 

Level 

Unit 


57 X 10“*^ 

jansky 

nvormiB A.. 

38 X i(r« 

jansky 

Taurus A . 

8 X 10-« 

jansky 

Virgo A - - - T. 

6 X 10-« 

jansky 

Sky near galactic north pole. 

6 X 10-»» 

jansky per square degree 


As examples, the power flux density of four prominent localized radio sources as 
measured at 250 Mc/sec with the Ohio State University radio telescope is given in 
Table 29-1. The brightness of the sky background is also included for the region 
near the north galactic pole. The brightness here is nearly a minimum for the entire 
sky. 

It is to be noted in Table 29-1 that the power levels are very low. For example, 
aU the power from the strongest radio source, Cassiopeia A, falUng on the entire 
earth’s surface at 250 Mc/sec, amotmts to less than one one-hundredth of a micro¬ 
watt per cycle per second. It is evident that large antennas and sensitive receivers 
are essential in radio astronomy. 

In general, celestial radio radiation is of an incoherent, unpolanzed nature. A 
radio-telescope antenna, whether linearly or circularly polarized, will accept only 
half of the power available from such radiation. Accordingly, the powers listed in 
Table 29-1 are twice those observed so as to include the polarization component to 
which the antenna is insensitive. 

29.6. EQUIVALENT TEMPERATURE AND CALIBRATION 

A resistor of resistance R and temperature T matched to a receiver by means of a 
lossless transmission line as in Fig. 29-2a delivers a power to the receiver given by 

p « kT A/ (29-4) 


where P = power received (watts) 

k = Boltzmann’s constant (« l.:i8 X lO"” joule per degree Kelvm) 

T =“ absolute temperature of resistor (degrees Kelvin) 

A/ « bandwidth (cps) ^ /on +-n 

If the resistor is replaced by an antenna of radiation resistance it, Eq. (2U-4) stiu 
applies. However, the radiation resistance is not at the temperature of the ant^na 
structure but at the offoctivo temperature T of that part of the sky toward which the 
antenna is directed, as in Fig. 29-26. In effect, the radiation resistance is distributed 
over that part of the sky included within the antenna acceptance pattern. From this 
point of view the antenna and receiver of a radio telescope may be regarded as a 
bolometer (or heat-measuring device) for determining the effective temperature of 
distant regions of spac(^ coupled to the system through the radiation resistance of the 

It may be shown that the power received per unit bandwidth is related to the sky 
lirightness by***-®® 
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Since •' * 2fc 

where Tt = brightness temperature or equivalent temperature of celestial object 

(deg Kelvin) . 

B = brightness of celestial object (including both polarizations), (jan rad"*) 

X = wavelength (meters) 

k = Boltzmann’s constant (1.38 X lO"** joule per de^ee Kelvin) 

It should be noted that the celestial object is not necessarily at the thermal tem¬ 
perature Tb. Rather, Tb is the temperature a black-body radiator would need to 
have in order to emit an amount of radiation equal to that actually omitted by the 
object at the wavelength X. Hence, Tb is often called the equivalent temperature of 


(29-5) 

(29-6) 



the object. For example, at a wavelength X, a turbulent gas cloud at a thermal 
temperature To may emit radiation equal to that from a black-body radiator at a 
much hieb"'- temperature Tb. It is then said that the gas cloud has an equivalent 
temperature Tt. 

Referring to Table 29-1, the sky brightness near the north galactic pole is measured 
to be about 5 X 10“” jansky per square degree at 260 Mc/soc (1.2-metcr wave¬ 
length). This is equal to 1.64 X lO"” jansky per steradian (square radian) . From 
Eq. (29-6) the equivalent temperature of this part of sky at this frequency is then 


1.64 X 10-» X 1.2^ 
2X1.38X10-** 


86°Kelvin 


By way of comparison, normal room temperature is about 205®Kelvin. 

Temperature equations are not only of interest astronomically but they also form a 
convenient basis for the calibration of a radio telescope. Thus the power flux density 
from a celestial radio source is 


o 2k at 


(29-7) 
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where S = power flux density of celestial source (including both polarizations), (jan) 
k = Boltzmann's constant [see Eq. (29-4)] 

A *= effective antenna aperture (including effect of cable losses) 

AT = temperature change required in matched resistor (substituted for antenna) 
to give deflection equal to that for celestial source (deg Kelvin) 

If the solid angle w subtended by the source is known, the average source brightness 
is given by Eq. (29-7) divided by w. 

The average brightness of the sky over the beam area of the antenna is 


2kAT 

AI3 


(29-8) 


where B = average brightness (jan rad"**) 
k = Boltzmann’s constant 

A = effective aperture of antenna [as in Kq. (29-7)] 

/3 = beam area of antenna (rad*) 

at * temperature change of matched resistor (substituted for antenna) that 
gives deflection equal to that for sky (deg Kelvin) 


Table 29-2. Units Used in Radio Astronomy 


Dimension 
or quantity 

Sym¬ 

bol 

Description 

Equa¬ 

tion 

no. 

Equivalent 

terms 

Unit 

Equivalent 

units 


B 

Power flux density 


Surface 

111 

w m“* ops'* rad”* 

Brightness. 

Solid angle 


brightness 

Power flux density 

S 

-//BdO 

(29-1) 


jan 

w m”* cps"i 

Totai power flux 


- /S<V 

(29-2) 





8 t 


w m"* 


Power (in terms of 

(29-4) 


watts 


temperature)... 

P 

-kTA/ 



Brightness 

temperature.... 

n 

Bk* 

" 2* 

(29-6) 

Surface 

brightness 

deg. K 


Power flux density 




temperature 



(in terms of 
temperaturo)... 

s 

2k AT 

" A 

(29-7) 


jan 

w m"* cps“' 

Average bright¬ 







ness (in terms 


2kT 

(29-8) 


jan 


of temperature) 

' 

" A/3 


rad* 



29.6. OBSERVED BRIGHTNESS DISTRIBUTION AND EFFECT OF ANTENNA 
SMOOTHING 

The true response pattern of an antenna is obtained when the radiator is a point 
source situated at a sufficient distance from the antenna. The distance is sufficient 
if an increase in the distance produces no detectable change in the pattern. Let the 
true pattern of a receiving antenna be as shown in Fig. 29-3a. If the point source is 
replaced by an extended source at the same distance, the observed pattern is modified 
as suggested in Fig. 29-36.** The extended source results in a broadened pattern 
with reduced minor lobes. 
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The patterns in Fig. 29-3 are in polar coordinates. In rectangular coordinates, 
the amtenna pattern is as shown in Fig. 29-4a and the extended source distribution as in 
Fig. 29-45. The observed pattern is then as shown in Fig. 29-4c. These three 

patterns are superposed in Fig. 29-4(i to 
facilitate intercomparison. 

It is to be noted that the observed pattern 
is only an approximation to the actual 
source pattern or distribution, the sharp 
shoulders of the source distribution being 
rounded off. It is said that the source 
distribution has been smoothed or blurred 
by the observing technique. The broader 
the antenna beamwidth compared with the 
source pattern, the greater is the smoothing 
effect. On the other hand, the narrower 
the antenna beamwidth compared with the 
source pattern, the more nearly is the ob¬ 
served pattern an exact reproduction of the 
source distribution. However, there is 
always some smoothing, and one of the 
important problems of radio astronomy 
is to reconstruct, in so far as possible, the source distribution from the observed 
pattern. It turns out that it is not possible to reconstruct the exact source distribu¬ 
tion since certain of the finer source details have no effect on the observed pattern 
and are irretrievably lost.®-*®* However, partial reconstruction is usually possible, 
so that a source distribution can be obtained that is more nearly like the exact source 
distribution than the observed pattern. 


^POINT 
^ SOURCE 


EXTENDED SOURCE 
(UNIFORM);? ^ 



(a) (b) 

Fia. 29-3. Antenna patterns in polar 
coordinates for a point source and for 
an extended source. 
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Fig. 29-4. Pattern in rectangular coordinates for antenna (o) with uniform source distribu¬ 
tion (b). The resultant observed pattern is at (c). The three patterns are superposed for 
comparison in (d). 


Referring to Fig. 29-5, the general problem of the effect of antenna smoothing may 
be stated as follows 

0(<l>o) - + .^o)F(^>) d,l> (29-9) 


where Gi<l>o) = observed pattern (jan) 

Pi<l> + <l>o) = true antenna pattern (dimensionless) 

= source brightness distribution (jan rad"^) 

<f>o hour angle (angle between maximum of antenna pattern and center 
of source) (rad) 

The function is the same as the brightness B referred to earlier, and it is con¬ 
venient to assume that the power flux density of the source (integral of the brightness 
over the source) is a constant. 
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TRUE ANTENNA 
PATTERN 


SOURCE 
DISTRIBUTION 
\ BW 


In Eq. (29-9) the more general (two-dimensional) problem has been simplified to 
the one-dimensional case where the patterns are functions only of one coordinate - 
This has the advantage that the basic problem is retained intact but the an^ysis is 
greatly simplified. The simplified situation stated in Eq. (29-9) often occurs in prac¬ 
tice, as, for example, when the antenna 
pattern in the direction normal to </> is 
sufficiently broad compared with the source 
extent in this direction. In Eq. (29-9) 
the antenna pattern F(<^ + ^o) and the 
observed pattern G(<#>o) are usually known, 
while the source brightness distribution 
B(0)is unknown and is the function whose 
value is sought. 

The function B{<f>) in Eq. (29-9) is the 
brightness, with dimensions in this case of 
power flux density per unit angle instead of 
unit solid angle. The function F(<i> + <^o) 
is the normalized antenna pattern. It is 
dimensionless and has a maximum value of 
unity. The observed pattern 0 (<Ao) has the 
dimensions of power flux density, being the 




.OBSERVED 
DISTRIBUTION 
G(*o) 


Pig. 29-6. Antenna pattern, source distri¬ 
bution, and observed distribution. 


dimensions01 power nux ucuojLuj, ^ _ 

brightness function integrated over the extent of the antenna pattern for a particular 

value <I>Q of the hour angle. ^ * 4 . u, 

For the case of a point source the brightness distribution become an mutely high 
peak of zero width but of constant power flux density or mtepated brightness O^e 
an impulse function). In this case the observed pattern has the same shape as the 

true antenna pattern, or (29-10) 

where S - power flux density of source (jan) 

At the maximum of the antenna pattern {FW 

“‘^^Sfhe case of a very extended source, with variations in brightness that «e 
gradual compared with the antenna beamwidth, the observed pattern approximates 
closely the shape of the source distribution, or 


! 1) the observed pattern <?(^) 


OW = pB(4>) 


(29-11) 


where B = beam area (integral of antenna pattern) (rad or rad*) • i j 

Although there are an infinite number of source distribution which will yidd t e 
same observed distribution, they differ only in the finer details. 
observed pattern will be the same for a continuous brightness distribution and a 
distribution of discrete point sources provided theseparation of the sources w l^ thim 
the half-power beamwidth. However, for larger spacings the observed pattern wiU 
differ for a continuous distribution and for a distribution of discrete point 

Although the exact brightness distribution of a source is not known, it w often e^ 
convenient in practice to assume that it has a uniform distribution. The ^dth of 
such a uniform distribution required to yield the observed pattern ^ 

half-power level is called the egnivalent vM of the source. 

observed distributions are shown in Fig. 29-6 for the 40-wavelen^h ® 

array of the Ohio State University radio telescope for assumed 
tributions of various widths a. The patterns are symmetrical, on y ® ® 

being shown. By comparing an actual observed pattern with the curves of Fig. 29-6 
the equivalent width of the source may be determined.** 
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It is to be noted from Fig. 29-6 that the amount of observed pattern broadening is 
very slight when the source is much narrower than the antenna half-power beam- 

width. In such cases the precision 



attainable in determining the equivalent 
width of a source depends largely on the 
source brightness, but even for bright 
sources one can usually only state the 
maximum possible extent of the source 
if the broadening amounts to less than a 
few per cent. Thus, if the broadening 
observed with a 40-wavelength antenna 
(Fig. 29-6) is less than 1 per cent, it is 
possible to state merely that the equiva¬ 
lent width of the source is less than Ko 
degree. The relation between source 
extent and pattern broadening is shown 
explicitly in Fig. 29-7 for a 40-wavelcngth 
uniform broadside array. 

Although most sources may not have 
an exactly uniform distribution, as has 
been assumed for convenience, it should 
be mentioned that precisely this type 
_ ,., ,,, , - of distribution does occur for spherical 

antenna for uniform Bources of various observed with a fan beam considcraDiy 
width a. The patterns are symmetrical, broader in its wide dimension than the 
only the right half being shown. source. 

As an illustration of the extent to which a source brightness distribution can be 
determined from an observed pattern, there is shown at the left in Fig. 29-8a a profile 
of the Cygnus region observed with the Ohio State University radio telescope at a 


Fig. 29-7. Pattern broadening at half power 
as a function of uniform source extent for a 
dO-wavelength uniform broadside antenna. 



declination of -f-40.5®. This profile, obtained by H. C. Ko and D. V. Stoutenburg 
on Nov. 27, 1964, shows structure caused by a number of localized and extended 
radio sources. No detectable broadening is observed for the Cygnus A source, but 
there is appreciable broadening for the sources designated Cygnus X and Cygnus B. 
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In Fig. 29-8ft is shown the equivalent source brightness distribution which can be 
deduced from the observed profile. The ordinate is brightness. The Cygnus A 
width is known from other observations to be less than that shown, but the width in 
Fig. 29-86 is an upper limit as based on the observed profile. The brightness of 
Cygnus A in Fig. 29-86 should be times that shown. The weak source near right 
ascension 21 hr is due to the North American nebula. The removal of the four dis¬ 
crete sources from the profile leaves the smooth background level which peaks at the 
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RIGHT ASCENSION (1950.0) 

(b) 

Fig. 29-8. Signature or profile taken with the Ohio State University radio telescope in the 
Cygnus region (o) and its resolution into four discrete sources and residual background 
radiation (6). 


galactic equator. This background could probably be resolved into more discrete 
sources with an antenna of narrower beamwidth. 


29.7. RESOLUTION 

The limiting resolution of an optical device is usually given by Rayleigh's criterion^^ 
According to this criterion, two identical point sources can be just resolved if the 
maximum of the diffraction pattern of source 1 coincides with the first minimum of 
the pattern of source 2. 

Assuming a symmetrical antenna pattern as in Fig. 29-9o, Rayleigh^s criterion 
applied to antennas states that the resolution of the antenna is equal to one-half the 
beamwidth between first nulls; that is, 

R = (29-12) 

where Ji = Rayleigh resolution or Rayleigh angle 
BWFN = Beam Width between First Nulls 

An antenna pattern for a single point source is shown in Fig. 29-9a. The pattern 
for two identical point sources separated by the Rayleigh angle is given by the solid 
curve in Fig. 29-96, with the pattern for each source when observed individually 
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shown by the dMhed curves. It is to be noted that the two Rources will be resolved 
provided the half-power beamwidth is less than on^half of the boainwidth between 
first nulls, as is usually the case. 

It may be shown” that the beamwidth between first nulls for a broadside antenna 
witn a uniform aperture many wavelengths long is given by 


BWFN 


114.6 

Lx 


degrees 


(29-13) 


where BWFN « beamwidth between first nulls 

Lx =» length of aperture in wavelengths 

It IB aMumed that Lx » 1. It may also be shown that the half-power beamwidth 
for such an antenna is 

60.8 


HPBW 


Lx 


degrees 


(29-14) 


These results are summarised in Table 29-3, which also gives the beamwidths for 
uniform circular apertures. It is to be noted that the half-power beainwidtiis are 


SOURCES 

i i 


MAIN LOBE 



BATTERNFOR 
SOURCE I 


IINOR UOBK 



RATTERN FOR 
SOURCES!AND2 


RATTERN FOR 
SOURCES 


■ BWFN 

u ^ (b) 

more th^ the half-power beamwidth instead of the Rayleigh angle one could define 
IS a slightly more conservative value. For this reason, and also in the interestn of 


Table 29-3 


Uniform 

apertures 

RcsoIulJon 

(BW1-'N/2) 

Half-power 
l)<‘am width 
HPBW 

Rectangular (length Lx wavelengths) 

57.3® 

50.3® 


Lx 

Lx ■ 

Circular (diainotor Dx wav(jlengthfi) 

70® 

59® 


Dx 

Dx 


funttSr^f telescopes as a 

unction of the telescope aperture is presented in Fig. 2!)-10.>o The fact that radio 
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waves are so nnich longer than light is evident in this figure from the lower resolutions 
of the radio telescopes, even though these telescopes have much bigger physical 
apertures than the optical types. To obtain the resolution of the human eye at a 
wavelength of 1 meter would require a radio antenna with an aperture nearly 4 miles 
across. The pioneer radio telescopes of Jansky*® and Reber*® were 100 and 31 ft in 
aperture and operated at 16 and 1,9 meters wavelength, respectively. The Ohio 



APERTURE (WAVELENGTHS) 

Fia. 29-10. Resolution of radio and optical telescopes as a function of telescope aperture 
in wavelengths. 

State University radio telescope has an aperture of 160 ft and operates at 1.2 meters, 
while the U.S. Naval Ordnance Laboratory antenna is 60 ft in diameter with opera¬ 
tion possible at 2 cm or even somewhat less**-*® (Fig. 29-16). 

29.8. SENSITIVITY AND RANGE 

The range of a radio telescope is of much interest since it gives some indication of 
how big a sample of the universe the telescope is capable of observing. The range is a 
function not only of the telescope but also of the celestial sovirces. The celestial 
source having the largest known radio-power output is Cygnus A, which has been 
identified as two entire galaxies in collision at a distance of some 200 million light 
years.® It is of interest to consider the maximum distance at which this source or 
ones like it might be observed since this would set something of an upper limit for the 
telescope range. 

The minimum power fiux density that can be detected with a radio telescope is 
given by 


5mli 


2kTN 
A y/ nt A/ 


(29-15) 




2&-14 

where Smit 
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minimum detectable power flux density (janskys) 

* = Boltzmann’s constant (1.38 X 10-« joules per degree Kelvin) 
i »= receiver ambient temperature (degrees Kelvin) 

N = noise figure of receiver (dimensionless) 

A = effective aperture of antenna (square meters) (includes effect of cable 


n = number of records or profiles averaged (dimensionless) 
t ^ tune constant of output integrating circuit (seconds) 

“ radio-frequency bandwidth of receiver (cps) 

ponelToTth? inciS “ responsive to only one polarization com- 

Siai S for S S ^ incoherent nature, 

with^ - 300"K ^“dio telescope operating at 250 Me, 

wmn I - duu K, AT = 1.6, A = 208 sq meters, t = 60 sec, A/ = 4 Me and for tl>« 
case where four records or profiles are averaged (a = 4), we obtain ’ 

Smin =• 1.9 X 10“*' jansky (29-10) 

^ frequency is 38 X 10-*« jansky 

wiLn tne present Ohio State University radio telescope is given by 


ri»»x = fo - 28 X 10“ light years 


(29-17) 

where Va.. = maximum range flight years) (1 light year = 6,000,000,000,000 miles) 

r. = range of Cygnus A (=200 X 10* light years) niuesj 

So - power flux density of Cygnus A (= 38 X 10“*< jansky) 
min — minimum detectable power flux density as in Eo. (29-15^ 

,(iiotobilitj uid the ntoimm deMotobl, powo- 

Ee rnentioned th^the significance of such a large range as given in 

detectable universe may be caUed the “celestial horizon.’’^- 

even greater “ranges.” parable ranges and larger telescopes 

Sufficient sensitivity does not necessarily imnlv abilitv tn dn^<u>f 
because of the nroiimitv nf ^ ‘“Piy aouity to detect a source since 

old sl^r™ tlie “new scale,” equal to 1.9 times the 
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the receiver noise figure is low, the sensitivity of the radio telescope may be adequate 
but the antenna resolution may be insufficient, and in the case of most sources it 
may be said that this telescope is reaolution-limited. On the other hand, at the shorter 
radio wavelengths an antenna of the same physical aperture may have adequate 
resolution but the higher receiver noise figure may result in insufficient sensitivity, 
and in the case of most sources it may be said that this telescope is sensitivity-limited. 
Likewise, a radio telescope at a given wavelength may be resolution-limited for some 
of the stronger sources but sensitivity-limited for some of the weaker sources. 

Assuming that a radio telescope can resolve a maximum of one source per beam area, 
the ultimate number Ns of celestial sources that the telescope can resolve is given by 
Ko's criterion as equal numerically to the directivity of the antenna.*®® Thus 


_ 4ir _ 41,253 
“ /8 * 18° ~ 


(29-18) 


where Ns - ultimate number of sources telescope can resolve 
iS = beam area of antenna (steradians) 

=» beam area of antenna (square degrees) 

D =* directivity of antenna 
In Eq. (29-18) the beam area is given by 


13 = //F(0,5) dfl (29-19) 

where F(^,d) = normalized true antenna pattern (dimensionless) 
dft *■ sin 6dB d<l> =» element of solid angle (rad*) 

The assumption of one source per beam area neglects the fact that if there is a back¬ 
ground of extended sources, each occupying several beam areas, the ultimate number 
could be somewhat larger. On the other hand, less than the entire sky is observable 
at most observatories (because of latitude and obstructions near the horizon) so 
that Ns will be reduced. However, the correct order of magnitude is given by the 
directivity. 

It is sometimes convenient to express the telescope sensitivity in terms of the 
minimum detectable temperature instead of the minimum detectable power flux 
density. This can be done from the equation 

NT 

where 2’min “* minimum detectable temperature (deg Kelvin) 

N “ noise figure of receiver (dimensionless) 

T — receiver ambient temperature (deg Kelvin) 
n » number of records averaged (dimensionless) 
t “ time constant of output integrating circuit (seconds) 

A/ = radio-frequency bandwidth of receiver (cps) 


29.9. TYPES OF RADIO TELESCOPES 


^ In this subse<?tion the clifTcrent ways in which radio telescopes can be classified are 
discussed. The varioxis designs are described, and many of their important char¬ 
acteristics arc pointed out. A table is included listing many of the larger radio 
telescopes with their charac.tcristics. 

Radio telescopes may bo chissified in several ways. For example, they may be 
classified according to their application (search or tracking), according to the beam 
shape (fan or pencil beam), or according to the antenna design. The type of mounting 
of the antenna might also be used as a basis for the classification. 
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A search type of radio telescope is used to scan the sky in order to locate radio 
sources or to map the background radiation. For this application it is simplest to 
observe on the meridian and to let the earth’s rotation sweep the beam across the sky 
in right ascension. Steerability is then required only in declination, and to provide 
this the antenna is mounted on a single horizontal east-west aids. This mounting is 
referred to as a meridian transit type, since observations are made of an object as it 
crosses or transits the meridian. 

In order to study particular celestial sources or sky regions more continuously, a 
tracking type of radio telescope is desirable. In this type the antenna is mounted’so 

that a celestial source can be tracked or followed in its 
motion across the sky. To do this either an equatorial 
or an altazimuth mounting is used. Since motion is 
required in two coordinates, the cost of a tracking radio 
telescope is much greater than for a search type of the 
same size. For observations of the 21-cm hydrogen 
line a tracking type of radio telescope is almost essen¬ 
tial in order to keep the object or sky region in the 
antenna beam sufficiently long for the receiver to sweep 
through the desired band of frequencies. 

The antenna beam shapes used in radio astronomy are 
either fan or pencil types. A pencil beam has approxi¬ 
mately the same beamwidth in declination and right 
ascension, while a fan beam has different beaxnwidths. 
A pencil and fan beam of the same directivity (or beam 
area) are compared in Fig. 29-11 
A fan beam is commonly used for search-type tele¬ 
scopes with the narrow dimension of the beam hori- 
(bi right ascension). A fan beam of this kind 
has two important advantages over a pencil beam for a search telescope: (1) the 
aperture and directivity can be much greater for the same cost; and (2) the time 
required to scan the entire sky is less. 

The larg» the ap^ture of a radio telescope the greater its sensitivity and resolution, 
and accordingly it is desirable in many cases to obtain the largest possible aperture 



(and directivity). 
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^MERIDIAN TRANSIT-J 



■TRACKING 


z' yyy 


GROUND 


( 0 .) 



of meridian transit tolesoopes with antennas of square aperture A 

Thl traokmg teiescope with aperture C, all having the same cost. 

1 he beams of the three antennas are compared at (6). 


for a given cost. Three antennas of different aperture but of the same cost are com¬ 
pared in Fig. 2^12a. Aperture A is a square structure pivoted on an axis at the 
ground level. It operates as a meridian transit telescope, and its beam is pencil- 
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shaped as indicated by beam A in Fig. 29-126. Aperture B is also a meridian transit 
type pivoted on an axis at the ground level. However, it is half the height of A and 
eight times as wide, it being assumed that the cost of the structures is proportional 
to the cube of their height. Aperture B has four times the area of aperture A and 
four times the directivity. The beam of aperture B is fan-shaped, being twice as 
wide as for aperture A in declination but one-cighth the width in right ascension. 
The fact that the ground acts as the supporting structure for one edge of aperture B, 
and also of A, results in considerable economy. In a completely steerable antenna 



Kkj. 29-18. Pifty-fo()t-cliumet(^r alt ttziinuth-mounted radio-tolescopo antenna at the Naval 
Ilmiaroh Ijaborutory, WuHliiuKton, I).C\ The parabola is a caHt aluminum dish niaoliinod 
to an accuracy pc^rinittiuR operation at wavolongths down to 1 cm. 


this advantage is lost and the reciuircul stiiTness must be built into the movable 
antenna structure at increased cost. Or for the same cost the aperture must be 
reduced. Accordingly, a completely steerable antenna of the same cost as apertures A 
and B would have an aperture about the size of aperture C in Fig. 29-12a. Aperture C 
has a pencil beam about twice the beamwidth and one-quarter the directivity of 
aperture A, It is to be noted that the beam for aperture B has a resolution in declina¬ 
tion equal to that for apc'.rture C but 10 times the resolution of C in right ascension. 
The characteristics of the three apertures are compared in Table 29-4. 

The principal mountings for radio telescopes have already been mentioned. Those 
are meridian transit, equatorial, and altazimuth. Although the altazimuth mounting 
is ordinarily loss expensive, a coordinate eonvorsion is required. This is conveniently 
provided by an analog comput(^r. Usually the antenna is turned physically. How- 
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Fio. 29-15. Radio-teloscopo antenna at the Ohio State Univoreity oonsisting of array of 
96 helices mounted on steel ground piano 160 ft long by 22 ft wide. 
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Fig. 29-16. Sketch of proposed Ohio State UniverBity radio telescope 700 ft across by 
70 ft high. 


Flat ground plancH with arrays of dipohw arc also well suited for meridian transit 
telescopes. By using helices instead of dipoles, the number of individual elements 
can be reduced. In the radio telescope at the Ohio State University, shown in Fig. 
29-16, 96 helic(w give the same directivity as 1,000 dipoles. 

Whereas dipoles are linearly polarized, the helical beam antenna is circularly 
polarized. A right-handed helix receives only tho right circularly polarized com¬ 
ponent of tho incoming radiation (IRE definition), while a left-handed helix receives 
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onJy the left circ^Iy poized component of the incoming radiation.*' By nsing 
left- and a nght-handed helical beam antenna and comparing the outputs the 
amount and rotetwn direction of the wave polarization can be determined. 
hfl« to obto the Ingest possible antenna aperture per dollar of cost a design 

tith If Tf i ^ University which uses a feed standing parabolo!d 

mth a tdtable fla^eet reflector.*" A sketch of a proposed antenna of this design 
700 ft across by 70 ft high is presented in Fig. 29-16. The antenna is a meridian- 
D^“of fh® relativdy close to the ground and using the ground as an integral 
SS tnd thf™ mechimically and electrically. Vertical polarization is 

used, and the ground, cov^ed with a conducting screen, acts as an imago plane. 

thenir+I I* •’y ^6® flat sl*eet into the paraboloid, and 

tUteble flat it The only movable Lucturc is the 

liit nf+K ^ important factor in the 

is. '>'■ the flat reflector supports individuaUy, 

Its surface can be readily adjusted to the desired degree of flatnessf 

29.10. INTERFEROMETERS 

us^itif telescope, the interferometer is so widely 

used as to warrant a separate subsection. The principal advantage is that in certain 
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'^TRANSMISSION ll 
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Fig. 29-17. Two-unit Michelson interferometer with patterns, 
situations high resolution may be obtained by using two small antennas of low resolu- 
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in Fig. 29-17 shows the pattern in two dimensions, the shaded areas, or fringes, being 
at or above the half-power level. 

The antenna at Cambridge, England, shown in Fig. 29-14, is one of four identi¬ 
cal units placed at the corners of a rectangle 1,800 by 158 ft and operating as an 
interferometer. 

For angles near the center lobe, the lobe width between first nulls is given by 

LWFN = degrees (29-21) 

where LWFN — lobe width between first nulls (deg) 

spacing between interferometer antennas in wavelengths 
This lobe width is one-half the beamwidth obtained with a continuous broadside 
array of length 3\ (Table 29-3). However, the side lobes in the interferometer pat¬ 
tern are nearly equal in magnitude to the center or main lobe, and the directivity is 
only about twice that for a single unit of the interferometer. 



The true iiitorforoiiK'ter pattcjrn <loscribod above is obtained if the objc<5t being 
observed is a i)oint sour(?e. If the source hjw apprecuable angular width, the nulls 
of the pattern will tcuid to fill in, and if the source width equals the lobe width between 
first nulls, the pattern will be smoothed out to the shape of the envelope. The 
envelope is the same as the pattern of a single unit. This property is useful for 
determining the ecpiivalont width of the source. For example, if the spacing 3\ 
between the interferometer units is increased until the pattern is smoothed out to 
the envelope, the souneci width (assuming a uniform source distribution) is equal to 
the lobe width between first nulls as given by Eq. (29-21). The interferometer can 
also bo very convc^nicmtly used to stu<ly sources with noiumiform brightness dis¬ 
tributions sinc(j the Fouricjr transform of the observed pattern is eciual to the source 
distribution.*^'^® 

In certain applications it is desirable to suppress some of the lobes of the inter- 
feronioter pattern so that the angle betweem the large lobes is in(?roasod. This can 
be done by using additional antenna units as suggested in Fig. 29-18. This multi- 
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Pro. 29-20. Lloyd’s mirror interferometer. 
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A phasenswitohing method originated by Ryle*^ has been applied by Mills** to an 
interferometer having the form of a fixed horizontal cross. This type of interferom¬ 
eter, often called a Mills cross, is usually constructed of two rows of dipole antennas, 
one east-west and the other north-south. The dipoles are fixed and at the same height 
above a level ground. Each row produces a fan beam as shown in Fig. 29-21. By 
suitably combining the outputs of the two rows, the effective antenna beam is of a 
pencil type formed where the two fan beams intersect. By electrical phase shifting, 
one or both of the fan beams can be tilted and the pencil beam moved to different 
positions of the sky. The Mills cross antenna near Sydney, Australia, has legs 
1*500 ft in length. 
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80.1. GEITBRAL* 


In the applications of antennas, it becomes necessary to use some form of t.ranH- 
mission line to connect the antenna to a transmitter or receiver. It therefore is essen¬ 
tial to know the propagation characteristics of the more common forms of liiu^ and 
the properties of some of the devices constructed from transmission-line elcment.s. 

The transmission lines considered in Secs. 30.2 to 30.6 are almost always used in 
the transverse electromagnetic (TEM) mode of propagation and therefore possess a 
umque characteristic impedance. In air, the guide wavelength is equal to the fro(»- 
space wavelength X. Propagation in this mode exists at any frequency, although 
above a certain frequency higher modes may also exist. It is assumed that the lin<‘ 
loss is small and may be neglected in calculating the characteristic impedance. 

The waveguides considered in Secs. 30.7 and 30.8 use modes of propagation having u 
longitudinal component and do not possess a unique characteristic impcdaxKU^^ 
Propagation may only take place above a certain unique cutoff frequency defixu'd 
by the mechanical dimensions. The guide wavelength X^, is related to the frcc-spacfe 
wavelength X by 1/X^* = 1/X* - l/X**, where Xo is the cutoff wavelength. 

In aU cases, it wiU be assumed that the skin depth is small compared with the 
imensions of the conductors and that these conductors are nonmagnetic. The 
medium surrounding the conductors is often air, but for other dielectrics, a loss will 
be mtroduced and this is independent of the line dimensions. In the case of TEM 
modes this loss is 

“n = ^ tan S nepers/meter 


where Xa ( - X/y^) w the intrinsio wavelength in the medium and tan S is the 1 oh« 
^gen o e lelectnc. ^ is the relative dielectric constant. For waveguide modes, 
the wavelength m the guide must be considered, and the dielectric loss becomes 






nepers/meter 


* discontinuities, such as bonds, the 

radiation at those points, and 

th^ore shielded types should generally he used for complex circuits, 
in capacity of transmission lines in the following sections is given 

wal^TdL dieloLic, whereas for 

wav^Je the pow^ IS pv^ directly for air dielectric. For such calculations, 
o 3 X 10 volts/meter is the theoretical maximum for air dielectric at noriiial 
atmospheric pressure, but for proper derating a value’of 2 X 10« 
may be ised’^to J»avmg a higher dielectric strength 

S^ed“2l sl3lt • Tf dielectrics, the 

the “®thod of mcreasmg the power limit is to use pressurised air 

P«>P°rtional to the square of the absolute pr^Ze 
The conditions discussed above apply to a matched line ^ pressure, 

inversely proportional to the standiS-Lve rTZ maxunum power is 


30.2. OPEN-WIRE TRANSMISSION LINES 

A hst of symbols used in this chapter wiU be found on p. 3(Mi. 



OPEN-WIRE TRANSMISSION LINES 


30-3 



COAXIAL 

CHARACTERISTIC IMPEDANCE 

Fig. 30-1. Characteristic impedance of common lines. 

tranwniHHion lines have the advantage of simplicity and economy. The spacing 
between tlie wires and between the wires and the ground plane is very much less 
than a wavelength. 

'’riui most (‘.oininon of the open-wire lines is the two-wire line. For two wires of 
(liain(it(tr d, spai^ed at a e(‘nter-to-center distance D, the characteristic impedance is 

120 , , 

Zo = — j. cosh’"^ — ohms 
V e d. 

This relation is plotted in Fig. 30-1. In the case of unequal wire diameters di and 
dij d is replaced by y/dA- 



tbansmission lines and waveguides 

The conductor loss is 


» 2.29 X 10 


'-•V? 


«• Jiogio (2D/d) oepere/meter 


The power-handling capacity is 


o _ EaH* Vi , 2) 

^ “ — 240 —cosh-»-j watts 

whiwe Ea IS tie ma^um allowable field intensity in the dielectric (Sec. 30.1). 

Oth» confi^rations of op^-wire Unes are shown in Fig. 30-2, together with 
for the characteistic impedance. lines near a ground plane are also 
mcluded. Other types of open-wire lines can be found in the literature. 


WIRES IN 
SPACE 


characteristic 

IMPEDANCE 


WIRES NEAR 
GROUND 


CHARACTERISTIC 

IMPEDANCE 


7 „-J 38 |„„ 4 h 



^0= ^ l09jo"j~yi+(2h/S)* 


"lie' 

T® S Z-^,00 

Hi ^ Zo-yV-l09io- 


-r=4lp= 

^I+Sy4h|h2 


Fio. 30-2. Open-wire lines. AToJs: d is small compared to other dimensions! 

80.S, COAXIAL LINES, SOLID CONDTTCTOR 

aaxial transmission lines using a cylindrical center conductor within a cylindrical 

micrlave pJwe^ 

+u more costly than open-wire transmission lines, they have the advantaire 

that they compleWy enclose the electromagnetic fields, thereby preventing radiation 
losses and providing shielding from nearby circuits. P>-eventing radiation 

Coamal-line Parameters. For a coaxial Une with inner-conductor diameter 2fl 
and outer conductor diameter 26, the characteristic impedance is 


which is plotted in Fig. 30-1. 


^ 138, b 

^0 = —plogio;- 
V€ ® 












COAXIAL LINES, SOLID CONDUCTOE 
The cutoff wavelength of the first higher mode is^ 

\c = Ft \/€ (a + 6) F ^ I 

The conductor loss for the dominant mode is 
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Ole 


1.14 X 10”« Q H- ^ nepers/meter 

^ logio - 


The minimum conductor loss occurs at the limiting size for the first higher mode, in 
which case Zo » 92.6 ohms and 

ae “ 0.637 —^— 7 =. nepers/meter 


For a fixed outer-conductor size, the minimum conductor loss occurs for y/l Zo 77 
ohms and is 

oe = 0.164 i nepers/meter 

The power transmitted by the line is 

n , b .. 


where Ea is the electric field intensity at the center conductor (Sec. 30.1). The maxi¬ 
mum power-handling capacity occurs for a 44.4-ohm line operating at the limit of the 
first higher mode and is 

P max “ 6.53 X 10“®-watts 

V€ 

For a fixed outer-conductor size, the maximum power-handling capacity occurs for 
^/l Zo « 30 ohms and is 

- 1.53 X 10“®-®a*/>* Vi watts 

The effect of dimensional tolerances on the characteristic impedance may be found 
from 

AZ{\ _ 60 /Aa\ 

" Zo 'y/i ~ a) 

while the elTeet of eccentricity is to change the characteristic impedance to 
Zo - lof?,,, (l - j ohms; j < log.o^ < 0.7 


whore e is the off-center distance. 

For a balanc.(ul coaxial line (sheathed two-wire line) having two center conductors 
spaced at a distance 8 within a single outer conductor, the characteristic impedance is 
given by 


Zo 


V* 


loir f ^ 


ohms 
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Coaxial Line with HeUcal Center Conductor. Coaxial lines with a helical inner 
conductor* are often useful to obtain a high characteristic impedance or slow propaga¬ 
tion velocity. The diameter of the outer conductor will be assumed small compared 
with a wavelength in Ihe line, and the following symbols will be used: 

B = diameter of outer conductor 
d = mean helix diameter 
a = diameter of helix wire 
N = turns per unit length 
The characteristic impedance is given by 

_ 202Vd IT ^ 5 

^ d 

The relative velocity of propagation is given by 

V ^ 0.683 . /iogio (D/d) 

c NdVl ^l-(d/Dy 



REMARKS 


FREQUENCY SENSITIVE 


SPACED PAIR 


SIMPLE 

UNDERCUT 


COMPENSATED 

UNDERCUT 


COMPOUND 
UNDERCUT 
(REF. 4) 



S=^ arctanj^^cot/S^/rj FREQUENCY SENSITIVE 



GOOD AT LOW 
FREQUENCY. 
NEGLECTS FRINGING 
CAPACITANCE AT 
UNDERCUT 


, r p ' 1 COMPENSATES FRING- 

-^ = 4-arctan-- ING CAPACITANCE AT 

^ >2 /Zoax^ UNDERCUT. MATCH AT 

(wCZob)^+(-^) -I f = w/2Tr, LOW REFLEC- 
L ^0 JTION AT LOWER'FRE- 

X SECTION 30.10 


VERY LOW REFLECTION 
IF DISCONTINUITIES ARE 
OF INFINITESIMAL EX¬ 
TENT (i < X/20). GOOD 
WHERE MANY BEADS 
MUST BE USED 
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The attenuation, for copper conductors, is given approximately by 

= 1.64 X 10-« nepers/meter 

Coaxial Line, Bead-supported. In order to support the center conductor of an 
air-dielectric coaxial line, insulating beads are often used. These beads will introduce 
discontinuities and, if not properly designed, produce large reflection losses. The 
design procedure for these support beads depends upon the frequency range of applica¬ 
tion, a broad range requiring a more complex design. The more common procedures 
are summarized in Fig. 30-3, and others can be found in the references.® 

In the bead-supported line, the cutoff wavelength in the bead section should be 
kept below the operating wavelength. The power-handling capacity is about 0.033 
times that of the theoretical maximum for the unsupported line. 

Coaxial Line, Stub-supported. In many applications, particularly where high 
power is to be transmitted, it is desirable to support the center conductor of an air- 
dielectric coaxial line by means of stubs. The power-handling capacity of a stub- 
supported line is about 0.16 times that of the theoretical maximum for the unsup¬ 
ported line. Such stubs take the form of a short length of short-circuited trans¬ 
mission line in shunt with the main transmission line. For frequencies at which the 
stub is an odd number of quarter wavelengths long, it presents zero admittance and 
therefore does not affect the main line. Obviously, it is often necessary to maintain 
a low stub admittance over a broad range of frequencies, and this may be effected by 
using an impedance transformer on the main line at the junction with the stub. The 
design of stubs and transformers can be found in the literature.® 

Semiflexible Coaxial Lines. There are several commercially available coaxial 
lines having a limited permissible bending radius but exhibiting a loss only slightly 
greater than rigid coaxial lines. They are characterized by a helical- or foamed- 
dielectric support for a copper center conductor and a solid aluminum tube for the 
outer conductor. These lines go under the names Styroflex, * Foamflex, * and Sty- 
rafil* and are available in 60-, 70-, and 77.5-ohm impedances and in a variety of outer- 
conductor sizes. In the smaller sizes they are usable up to about 10 kmc. 

An analysis of the propagation characteristics of this type of line may be found 
in the literature.® 

30.4. FLEXIBLE COAXIAL LINES 

Flexible coaxial lino using a solid or stranded inner conductor, a plasti(!-diele(^tric 
support, and a braided outer conductor is probably the most common means of con¬ 
necting together many separated components of an r-f system. Although the trans¬ 
mission loss is relatively high, because of the dielectric loss, the convenience often 
outweighs this factor in applications where some loss is tolerable. Such lines art* 
commercially available in a wide variety of size and impedance. 

Table 30-1 summarizes the characteristics of the more common linos. The attenua¬ 
tion is shown in Fig. 30-4, and the power-handling capacity in Fig. 30-6. 

Leakage of electrical energy through the braided outer conductor is often a problem 
and, although the work on this problem has been scant, results have been obtained 
for RG-8/U, a widely used single-braid cable.® The energy leakage may be con¬ 
sidered in terms of the coupling impedance between two concentric coaxial lines in 
which the braid forms the inner conductor of the outer lino and the outer conductor 
of the inner line. The results for RG-8/U show this coupling iinpcdanc.c to be pri¬ 
marily a series mutual inductance of approximately 160 /i/ih/ft from 100 to 5,500 
Me/sec. 

* Manufactured by Phelps Dodge Copper Products Corp., New York. 



Table 80-1. Flexible Coaxial Lines 






Table 30-1. Flexible Coaxial Lines {Ctmiinued) 
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Engineering 

data 

RG-14/U with 
armor 

Twin lead 

High temperature, 
similar to 

RG-9B/U 

RG-87A/U with 
armor 

High temperature 

R-G117/U with 
armor 

Same as RG-58A/n 
except smaller in 
size and lighter in 
weight 

Maximum 
operating 
voltage, 
volts (rms) 

7,000 

6,000 

5,000 

7kv 

7 kv 

1,000 

Nominal 

capaci¬ 

tance, 

M/d/ft 

29.5 

7.8 

20.5 

29.5 

20.0 

20.0 

20.3 

Nominal 

im¬ 

pedance, 

ohma 

50.0 

200.0 

50.0 

60.0 

50.0 

50.0 

50.0 

|5 

OTO'O 

OTSO 

Nominal 

over-all 

diameter, 

in. 

0.615 

(max.) 

0.650 X 
0.300 

0.430 

0.490 

(max.) 

0.730 

0.795 

(max.) 

0.160 

Protective 

covering 

Noncontaminat- 
ing^ synthetic 
resin with armor 

None 

Teflon-tape, 
moisture seal, 
two braids, 
Fiberglas, 
silicone-varnish- 
impregnated 

Teflon-tape, 
moisture seal, 
two braids, 
Fiberglas, 
silicone-varnish- 
impregnated, 
with armor 

Teflon-tape, 
moisture s^, 
two braids, 
Fiberglas, 
silicone-varni^- 
impregnated 

Teflon-tape 
moisture seal, 
two braids, 
Fiberglas, 
silioone-varnish- 
impregnated, 
with armor 

Synthetic resin 

Number and 
type of 

ffhiftldifig 

braids 

Copper, 
double braid 

None 

Silver-coated 
copper, 1 

double braid 

Silver-coated 
copper, 
double braid 

Copper, single 
braid 

Copper, single 
braid 

Tinned copper, 
single braid 

Nominal 
diameter 
of dielec¬ 
tric, in. 

0.370 

0.650 X 
0.300 

0.285 

0.285 

0.620 

0.620 

0.006 

Dielectric 

material* 

A-1 

A-1 

F-1 

F-1 

F-1 

F-1 

A-1 

Inner 

conductor 

0.106-in. copper 

2 conductors 

7/0.0285-in. 
soft copper 

7/0.0312-in. 
silver-co^'ered 
copper 

7/0.0312 sUver- 
oovered copper 

0.100-in. copper 

0.100-in. copper 

27/36 AWG 
tinned copper 

Type 

RG-74A/U 

RG-86 /U 

RG-87A/U 

RG-116/U 

RG-117/U 

RG-118/U 

RG-122/U 




Table 80-1. JPlexible Coaxial Lines (Continued) 
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♦ Dielectric materials: A-1—solid polj’ethylene; A-2—air-spaced polyethylene; F-1—solid tetrafluorethylene (Teflon). 




ATTENUATION, DB/lOO FT. 


100 

80 

60 


FLEXIBLE COAXIAL LINES 
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30.5. WIRES IN VARIOUS ENCLOSURES 

It is often advantageous to tailor a transmission line to fit a specific application 
where one of the more common forms is not convenient. Furthermore, with many 
antenna configurations, a nonstandard form of line has definite advantages. 

Various forms of transmission line comprising wires in different-shaped enclosures 
are shown in Fig. 30-6, together with formulas for characteristic impedance. It 
should be noted that these lines are shielded, with the exception of the corner enclosure, 
provided that those that are physically open have an opening less than one-half 
wavelength across, extend beyond the wire at least one-half wavelength, and have 
opposing surfaces that are maintained at the same potential. 



Fig. 30-6. Wires in various enclosures. Note* d is small compared to other dimensions 
except in case 1. 

80.6. STRIP TRANSMISSION LINES 

Strip transmission lines arc those in which the conductors have the form of flat 
strips or plates. In terms of relative simplicity and cost, these types might bo ranked 
between open-wire lines and coaxial lines. Both open and shielded types exist, the 
choice depending upon the application. The more common forms of strip lines 
utilize one or two ground planes, the strip circuit in itself being essentially two- 
dimensional. This fact permits use of economical fabrication methods such as photo- 
etching. This type of line is particularly suited for feeding essentially planar antennas 
such as printed arrays and slots. It is also useful for auxiliary circuits such as power 
splitters and hybrid ring junctions. 

Formulas for the characteristic impedance of the more common forms of strip 
transmission lines are given in Fig. 30-7. The most widely used forms are the strip 
above a ground plane and the strip between ground planes. The former, termed 
microstrip,® usually consists of a dielectric sheet clad on one side with a copper-foil 
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ground plane and on the other with a copper-foil strip. The latter type may have 
the strip supported by full dielectric sheets,^® beads, or by a thin dielectric sheet 
splitting the strip in the median plane, thereby approximating an air-dielectric line. 
More complete data on these types of strip transmission lines are given below. 

Microstrip Lines. The characteristic impedance for microstrip line is shown in 
Fig. 30-8.^^'“ It should be pointed out that the theoretical curve is for a uniform 



1 CHARACTERISTIC IMPEDANCE 

EXACT FOR t=0^ 

APPROXIMATE 

t-wH 1 

i '-' ♦ 

T 1 

7 - 377 K 

MAX znCu.k)*-^!^ 

. s«w 

Zo«'^^"logio“^ t S»W 

■ 

7 - 377 K 

k. S 
^ S+2W 

• S«W, t=0 

v^logio{4+f^) 

Zo«^iogio( 8 +-^) . s»w. t =0 

]_ hwH } 

189 K 

MAX zn(u,k).^^ 

Zo»^logio'^ , h»W 

t 1=1 "o' 

7 - 94 K 

K' 

k= sech^ 

i-± 

Z — ^ 5D 

^ -^+ 0.47 +0.65-^-I.I2(*^) w>. 35 (D-t) 

Zo”#to<liof w --'v) ■ ■ W£35{D-t) 

w-fH 

* H Ks 

BALANCED 
.7 . 189 K' 

^0" sTT K 

k--tanh(^l")-coth( ^20 

FOR APPROXIMATE FORMULAS IN THE CASE 
t>0, SEE REFERENCE 8 


^K(k) IS THE COMPLETE ELLIPTIC INTEGRAL OF THE FIRST KIND, K' = K(k') WHERE k'2 = l-k2 
zn(u,k) IS THE JACOBI ZETA-FUNCTION. 


Fio. 30-7, Strip transmission lines. 


dielectric, whereas usually in practice, the dielectric is air above the strip and a solid 
dielectric between the strip and ground plane. The experimental curve shows the 
departure from theory due to this cause. 

Whereas microstrip lines have conductor losses on the same order as other lines of 
the same size, a practical line has rather high loss because of the dielectric, .^ypical 
value being 1.6 X 10"® v7 neper/meter for Fiberglas G-6 dielectric He hi. thidk and 
a characteristic impedance of 37 ohms. 

When the dielectric above the strip differs from that below, the propagation velocity 
is not readily calculated and depends on the characteristic impedance and relative 
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dielectric constants. In this case, the propagation is not pure TEM, the amount of 
energy in higher modes depending upon the physical constants of the line. 

Symmetrical Strip Lines. The characteristic impedance for symmetrical strip line 
comprising a strip centered between two ground planes is shown in Fig. 30-9.^^ For 



Fia. 30-8. Characteristic impedance of microstrip line. 



V/ 

D 

Fig. 30-9. Characteristic impedance of symmetrical strip line. 


the tsrpe wherein the center strip is made in two layers supported by a thin dielectric 
sheet, these curves may be used with negligible error up to 75 ohms for Teflon-bonded 
Fiberglas when f/D < 0.15. For higher impedances and thicker strips, the fringing 
field will cause a gradual departure from the curves. 
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The attenuation of symmetrical strip line is shown in Fig. 30-10 for a solid-strip 
center conductor. In the case of the sheet-supported split center conductor using 
Teflon-bonded fiberglas, the attenuation is about two times this and the velocity of 
propagation is about 98 per cent of the velocity in free space. 

There are two types of higher-order mode which can exist in this type of line. The 
cutoff wavelength for the lowest TM mode is given by 

X« « 2D 


and these modes will radiate. The cutoff frequency for the lowest TE mode may be 
found from the curves in Fig. 30-11,^® and these modes wiU radiate only when they 
fulfill the same condition as the TM modes. 

The maximum power-handling capacity of symmetrical strip line has been found 
experimentally to occur for t/D =» 0.175 when the center strip has semicircular edges. 
For Zq < 60 ohms, the maximum power for this value of t/D can be found from the 
empirical formula 


65Zo 


watts 


For bead- and stub-supported lines, the same general methods may be used as 
described in Sec. 30.3 for coaxial line. 

The effect of dimensional tolerances can be found from the elope of the character¬ 
istic-impedance curves in Fig. 30-9. The effect of off centering will be approximately 
the same as in the coaxial-line case. If the strip is not parallel to the ground planes, 
an unbalanced parallel-plate TEM mode may result. This can be suppressed by 
using metallic spacers to ensure that the ground planes are at the same potential. 
In the case of high-Q circuits where the losses associated with this mode, even though 
suppressed, cannot be tolerated, the strip should be held parallel to the ground planes 
to within 0.6®, thereby preventing generation of this mode. 

Discontinuities in this type of line are discussed in Sec. 30.10. 


80.7. HOLLOW-TUBE WAVEGUIDES 

Propagation in Hollow-tube Waveguides. Electromagnetic energy can bo prop¬ 
agated down hollow metal tubes if the tubes are of sufficient size and arc properly 
excited. The size of the tubes required usually limits their use to the VHF region or 
above. 

The energy can be propagated in a number of different types of waves as described 
below. In the usual case, waveguide devices are designed for transmission of a single 
wave type (most often the dominant wave or that having the lowest cutoff frequency) 
because the design problems are very greatly simplified. 

T^n waves: In the transverse-electric waves, sometimes called Hnn waves, the 
electric vector is always perpendicular to the direction of propagation. 

TMron waves: In the transverse magnetic waves, sometimes called the Emn waves, 
the magnetic vector is always perpendicular to the direction of propagation. 

The propagation constant determines the amplitude and phase of each com¬ 
ponent of a wave as it is propagated along the waveguide. Each component may be 
represented by A exp (jwt — 7 mn 2 ), where A is a constant, z is the distance along 
the direction of propagation, and u = 27r/. When ymn is real, there is no phase shift 
along the waveguide but there is high attenuation. In fact, no propagation takes 
place, and the waveguide is considered below cutoff. The reactive attenuation L 
along the waveguide under these conditions is given by 

i-51^ [l_(^y]«db/unit length 
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where X is the wavelength in the unbounded medium, and \c is the cutoff wavelength 
of that wave (a function of waveguide dimensions only). Waveguides are often used 
at frequencies far below cutoff as calibrated attenuators, since the rate of attenuation 
is determined by cross-section dimensions of the waveguide and the total attenuation 
in db is a linear function of the displacement of the output from the input. 

When 7 wn is imaginary, the amplitude of the wave remains constant but the phase 
changes with z and propagation takes place, ynn is a pure imaginary quantity only 
for lossless waveguide. In a practical case, ymn bas both a real part omn, which is 
the attenuation constant, and an imaginary part /6mn, which is the phase constant; 
that is, ymn — Olmn “h j^n- 

The wavelength in a uniform waveguide is always greater than the wavelength 
in the unbounded medium and is given by 

X _ ^ 

[1 - (X/Xc)»]^^i 

The phase velocity is the apparent velocity, judging by the phase shift along the 
guide. Phase velocity, y = c (X^/X), is always greater than that in an unbounded 
medium. , 
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Fig. 30-12. Field oonfiguratioiis for rectangular waveguide. 


The group velocity is the velocity of energy propagation down the guide. Group 
velocity, tz « c (X/X^), is always less than that in an unbounded medium. 

For air-filled guide and those filled with dielectric having very low loss, the attenua¬ 
tion is mainly due to conductor losses in the walls. For any particular type of wave, 
the loss is high near cutoff and decreases as the frequency is increased. For all 
excepting the TEon waves in circular waveguide, the attenuation reaches a minimum 
value for that wave and that waveguide, then increases with frequency. For most 
waves, this minimum is slightly above 2/o. To avoid high loss near cutoff and the 
complexity of multiwave transmission, the useful band is usually considered to lie 
between 1.3/o of the desired mode and O.Q/e of the next higher mode. For rectangular 
waveguides having a width equal to twice the height, the useful range is about 1.5:1. 

Rectangular Waveguides. For TEmn waves in rectangular waveguides, m and n 
may take any integer value from 0 to infinity, except the case m = n ^ 0. For the 
TMmn waves, m and n may take any value from 1 to infinity. The m and n denote 
the number of half-period variations of the electric field for TE waves or magnetic 
field for TM waves in the direction of the small and large dimensions of the waveguide, 
respectively. Field patterns for some of the simpler waves are shown in Fig. 30-12. 

The propagation constant for rectangular guides is given by 



where a is the wide dimension, h is the narrow dimension, c is the relative dielectric 
constant, and /x is the relative permeability of the dielectric in the waveguide. Since 
propagation takes place only when the propagation constant is imaginary, the cutoff 
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frequency for rectangular waveguide is 


and 


\ = 2 Vin 

V(«/o)* + («/6)’ 


Most frequently, operation is limited to the TEio or dominant wave in rectangular 
waveguide. For this simplified case, the important formulas reduce to 

Xe = 2a V^f_ 

7 = 2t \/(l/4a) — Ptx€ 

In order to relate the waveguide properties to similar properties of low-frequency 
circuits, the impedance concept has been developed. Three characteristic impedaucc^s 
can be defined, differing from each other by a constant:** 


Zvi 

ZpY 

Zpi 


- T 6 ^ 

2a\ 


Any one of the three is reasonably satisfactory if used consistently throughout, 
since the most frequent use is in determining mismatch at waveguide junctions and 
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Fig. 30-13. Field configurations for circular waveguide. 

it is the ratio of impedance that matters. Ratios involving only different values of 6 
give accurate indication of impedance mismatch. Differences in a give ratios nearly 
correct for small changes in a from the usual cross-section dimensions of rectangular 
wavegmde, but errors are appreciable for large differences in a. Zpv is most widely 
used, but Zv/ is found to be more nearly correct in matching coaxial line to waveguide. 

Circular Waveguides. The usual coordinate system is p, 6, z, where p is in the 
radial direction, 6 is the angle, and z is the longitudinal direction. 

For TEm» waves in circular waveguides m denotes the number of axial planes along 
which the normal component of electric field vanishes and n the number of cylinders 
including the boundary of the guide along which the tangential component of electric 
field vanishes. The number m may take any integral value from 0 to infinity, and n 
may take any integral value from 1 to infinity. The dominant wave in circular wavti- 
guide is the TEu. For TM^n waves, m denotes the number of axial planes along 
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\yhi('ih tlK’! nuiKnotic field vaniKhoH and ri the miinbcr of cylinders to which the electric 
fi(‘I(l is normal. The number m may take any integral value from 0 to and n may 
take any int(‘gral value from 1 to «. Of the circularly symmetrical waves, the TMoi 
has the lowest eutofT fnuiuency. 

Ki(‘l<l pat Ictus for some of the simpler waves in circular guides are shown in Fie 
Th(«t eutolT \vav(*l(Tigth in losslass circular guide is given by 

— ’\/DmnO) 


whtTe a is th(‘ radius, <■ the relative dielectric constant, the relative permeability of 
the ditdectrie, and tlu^ constant Dnu is as shown in Table 30-2. 


Table 30-2. Cutoff Constants for Circular Waveguide 



Dm/t for TEmi 

i Waves 


n \ 

0 

1 

2 

3 

1 

I.G40 

3.412 

2.067 

1.496 

2 

0.806 

1.178 

0.937 

0.764 

3 

0.018 


0.631 

0.654 

4 

0.476 


0.48 

0.44 


D, 

for TMmn Waves 



0 

1 

2 

8 

n N, 





1 

2.613 

1.640 

1.224 


2 

■8H 


0.747 


3 

1^1 




4 

Ib 

0.476 

0.425 

Mm 


A summary of the cutoff and attenuation constant formulas for circular and rec¬ 
tangular waveguides is given in Table 30-3. 


Table 80-8. Summary of Cutoff and Attenuation Constant Formulas* 


TYPE 

OF 

GUIDE 

■p 






RECTANGULAR TEmo 

TMo, 

TE|, 

TEo, 

CUTOFF 

WAVELENGTH 

2a 

m 

2.613a 

3.412a 

l.640a 

ATTENUATION 
CONSTANT 
NEPERS/METER 
DUE TO 
CONDUCTION 
LOSSES ONLY 

4aoA ( a , 


2-^a(0.4I5+^) 

Ac 

2-^a4 

ATTENUATION 
FAR BELOW 
CUTOFF 

27.28 DB PER 
GUIDE WIDTH 

41.78 DB 
PER 

DIAMETER 

31.98 DB 

PER 

DIAMETER 

66.56 DB 

PER 

DIAMETER 


♦ t)ttge 30 24 for definitions. 
































Table 80-4. Standard Rectangular Waveguides and Flanges 
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where A 
e 


■s/c/'K 

Vi - (VX.)* 

velocity of light in free space » 


3 X 10® meters/sec 


For copper and air, ao “ 3.5 X 10"® neper/meter. To convert nepers per meter to 
decibels per 100 ft, multiply by 264. 

Standard Waveguide Sizes. The waveguide sizes which have become standardized 
are listed in Table 30-4, together with the flanges used in connecting them together. 

Hollow-tube Waveguides with Other Cross Sections. One of the most useful 
of the many cross sections that might be used is the ridged waveguide as shown in 
Fig. 30-14, which is useful in wideband transmission. For ridged waveguide 
(and others of arbitrary cross section), the best method of obtaining cutoff wavelength 
is by resonance in the cross section. A convenient longitudinal plane is chosen. 

At cutoff, the susceptance looking into 
the shorted parallel-plate guide to the 
right of this plane is equal in amplitude 
WAVEGUIDE £uid opposite in phase to that looking to 
the left. If the guide is symmetrical, 
only half the guide need be used since Y 
at the center is zero. For the ridged 

DOUBLE guide this gives 
RIDGE 

WAVEGUIDE r B h, 2irS 



EQUIVALENT where B is the capacitive discontinuity at 
FOR^CUTOFF height change. A plot of cutoff fre- 

WAVELENGTH quency and a plot of admittance defined 
COMPUTATION power/(voltage)* of ridged guide of 

Fig. 30-14. Ridged-waveguide oonfigura- different shapes are given in Figs. 30-16 

to 30-17. 

The loading in the center of the guide lowers the cutoff frequency of the dominant 
mode so that a useful bandwidth of over 4:1 may be obtained with single-mode trans¬ 
mission. The impedance is reduced by the loading and can bo adjusted by propor¬ 
tioning the ridges for impedance matching of waveguides to coaxial lino, for example. 

The ridged guide for a given frequency band is smaller than the regular guide, but 
the losses are higher. 

Flexible Waveguides. Flexible rectangular waveguides to match most of the 
Army-Navy type of waveguides are made by several manufacturers. These differ 
primarily in the mechanical construction. Waveguides using seamless corrugations, 
spiral-wound strip with adjacent edges crimped and soft-soldered, spiral-wound strip 
with heavier crimping to provide sliding contact, and vertebra type (consisting of 
cover-choke wafers held in place by a rubber jacket) are all available. The first two 
will bend in either plane, stretch, or compress, but will not twist. The last two twist 
as well as bend and stretch. "V^ere the guide is flexed during operation, or pres¬ 
surized, the guide is nearly always covered with a molded-rubbcr jacket. When 
unjacketed, all are subject to a minimum bending radius (of the guide center line) of 
two to three times the outer guide dimension in the plane of the bond, and when 
jacketed to about four to six times the outer dimensions. The mismatch between 
rigid and flexible guide is small when straight and designed for lower frequencies. 
Mismatch increases as the waveguide size decreases since the depth of convolutions 
cannot be decreased as fast as the waveguide dimensions (mismatch also increases 
as the bending radius is decreased). Similarly, attenuation which is only slightly 
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Fig. 30-16. Cutoff wavelength of single ridged waveguide. 























30-26 


TRANSMISSION LINES AND WAVEGUIDES 



greater than that in rigid guide for low frequencies becomes about twice as great at 
40 kmc. Power capacity is nearly equal to that of rigid guide. 

30.8. MISCELLANEOUS TYPES OF WAVEGUIDES 

Trough Waveguide.*® Trough waveguide having the cross section shown in 
Fig. 30-18 is derived from the lowest TE mode on symmetrical strip line by inserting 
a longitudinal electric wall at the center of the strip. Energy is transmitted in the 
TE modes in which the electric fields are symmetrical about the center vane. The 
cross section is such that probes, tuning, or attenuating devices may easily be inserted 
and moved from the open side, with a minimum of electrical disturbance. Trough 
waveguide is a broadband transmission device since the cutoff of the second prop¬ 
agating mode is three times that of the dominant mode, instead of twice as in rec¬ 
tangular waveguide. It is easily fed from an end-on transition from coaxial or sym¬ 
metrical strip line. The outer conductor of the TEM line is connected to the outer 
walls of the trough guide. The inner conductor of the line is connected at a point 
on the center vane of the trough guide at a distance S up from the bottom of the center 
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vane, as determined from the relation for the power-voltage characteristic impedance 
at that point, 


ZMS) 


754 ~ ^ sin* 
Ac A 



Similarly, a crystal may be attached at an appropriate point to provide a crystal 
mount. The cutoff wavelength of the dominant mode in trough waveguide may be 
determined from the graph in Fig. 30-18. 



Radial Line and Biconical Guide. Two circular parallel conducting plates, sepa¬ 
rated by a dielectric and fed at the center or outer edge, form a line in which the trans¬ 
mission is radial. This type of line is frequently used in choke junctions and resonant 
cavities such as microwave oscillator tubes. The simplest wave transmitted by this 
type of line is a TEM wave. The phase front of this wave is a circle of over increasing 
or decreasing radius. The radial current in one plate returns radially through the 
other plate. With radial lines it is very useful to know the input impedance with 
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D 


Fig. 30-18. Ciitofit wavelength of trough waveguide. 



Fiq. 30-19. Radial transmission-line quantities. 

(1) known termination, (2) output shorted, and (3) output open. Input impedance is 

Z =2 r cos {Bj - + iZxih sin (gj - Bl) 1 

* \_Z{iL cos — 6l) + jZi sin (\l/i — ^z,) J 

where Zi ~ input impedance, ohms 

Zoi = characteristic impedance, ohms, at input (Zq of Fig. 30-19 at r =■ n) 
Zql = characteristic impedance at output (Zo of Fig. 30-19 at r = tl) 

Zl = terminating impedance, ohms 
Bij dLi ^t, = angles as plotted in Fig. 30-19 
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In one special case of this, Zh ■= 0; then 


„ sin (9i - «i) 


In another Zj. m ; then 


_ :rj cos (*« ~ lAr,) 


There are many higher-order modes possible. Those with variations in ^ only will 
propagate with any spacing of plates. Those having variations in z propagate only 
if the plate separation is greater than a half 
wavelength. More complete descriptions 
can be found in llefs. 1, 21, and 22. 

Two cones with their apices facing and fed 
by a balanced input at the center as shown 
in Fig. 30-20 form a biconical waveguide. 

This structure also simulates a dipole antenna 
and certain classes of cavity resonators. 

One important wave transmitted by this yiq , 30-20. Biconical waveguide, 
type of guide has no radial components and 

propagates with the velocity of light along the cones. It is analogous to the TEM wave 
in cylindrical systems. The ratio of voltage to current or characteristic impedance, is 

Q 

Zq = 120 log, cot 2 ohms 



where 0 is the conical angle. From this it is seen that the characteristic impedance is 
independent of radius, and not variable as in the radial line. 

Many higher modes can propagate on this system. These will all propagate at a 
velocity different from that of light. For transmission of higher modes, see Refs. 1 


and 22. 

Stiiface Wave Transmission Lines. 


The surface wave transmission line** is a 
single wire having a relatively thick die¬ 
lectric sheath. The sheath diameter is 
often three or more times the diameter of 
the conductor. A mode of propagation 
which is practically nonradiating is excited 
on the wire from a coaxial line by means 
of a conical horn at each end as shown in 
Fig. 30-21. The mouth of the horn is roughly one-quarter to one wavelength in diame¬ 
ter. Losses are about half those of a two-wire line. The surface wave line has a 


DIELECTRIC 
COATED CONDUCTOR 


Fig. 30-21. Surface wave transmission line 
with launchers from coaxial line. 


practical lower-frequency limit of about 50 Me. 

Loss in the two launchers combined varies from less than 0.5 db to a little more 
than 1 db according to their design. Conductor loss for copper can be calculated by 
the formula below and Fig. 30-22. Loss for other nonmagnetic materials may bo 
found by multiplying by (poonductor/poopper)^- Dielectric loss can be determined by 
the second formula and Figs. 30-23 and 30-24. 


L, - 0.4S5 

«r — 1 
100 


(for brown polyethylene) 
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where Fp *=« power factor of dielectric 
Le « conductor loss, db/100 ft 
L( = dielectric loss, db/100 ft 

Lp *= dielectric loss in brown polyethylene at 100 Me (Fig. 30-23) 

/ *= frequency, Me 

€r *= relative dielectric constant 

Dielectric Wavegtiide. Electromagnetic waves will propagate along a dielectric 
rod*^ if the rod is of sufficient size. At low frequencies, there is little advantage to 

d| * DIAMETER OF THE CONDUCTOR / 7 

do* DIAMETER OF THE DIELECTRIC-COATED CONDUCTOR ,^ 

X = FREE-SPACE WAVELENGTH / 

C e FREE-SPACE VELOCITY /\ \ / _ / ^ 

8 v * REDUCTDN IN PHASE VELOCITY COOt^ \ Y X 

Z = WAVEGUIDE IMPEDANCE 5007<^ \/\ y 

(DIELECTRIC CONSTANT E.3) ,,^V\T~7\V / 1^ 


/ 

IOO 7 


X 60 , 

^ 50:/ 




m 


100 200 300 

IMPEDANCE Z IN OHMS 

Fig. 30-22. Relationship among wire diameter, dielectric layer, 
and impedance for brown polyethylene. 


phase-velocity reduction, 


RATIO OF COATED-TO-UNCOATED 
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dielectric waveguide since low loss in metal waveguide makes them a convenient 
shielded carrier of microwave energy. At frequencies above 20 kmc, the lower loss 
possible with dielectric waveguides makes their use attractive. For lossless dielectric 
waveguides, the propagation constant can never be real, so there is no cutoff frequency 
as with metal waveguides. For a given waveguide, very high frequency energy is 



Fig. 30-23. Dielectric loss as a function of phase-velocity reduction. 



Fig. 30-24. Conversion chart for dielectrics other than polyethylene. 

confined entirely within the dielectric. The velocity of propagation and the loss 
correspond to that in the waveguide dielectric. As the frequency is reduced, more 
of the field is outside the waveguide and the velocity and loss approach that of the 
surrounding air, but the dielectric ceases to guide the wave. The only TE and TM 
modes possible in a circular rod are those having axial symmetry. One hybrid mode, 
the HEii (hybrid because it has both Eg and Hg components), is particularly well 
adapted for microwave transmission. It can be small (it is the only mode which 
can be propagated when the ratio of diameter to wavelength is low; less than 0.6 for 
polystyrene). It can be launched from the dominant TE metallic waveguide mode, 





30-32 TEANSMISSION LINES AND WAVEGUIDES 

and it haa low loss. The approximate field configuration of this mode is shown in 

Fig. 30-26. 

Figures 30-26 to 30-28 show variation 
of guide wavelength with diameter, loss as 
a function of diameter, and a waveguide 
laxmcher for the HEn hybrid mode. The 
polarization of the hybrid mode in cir¬ 
cular rod is subject to rotation because 
of internal stresses, dimensional nonuni¬ 
formity, and bends. A rectangular or 
oval cross section prevents this depolari¬ 
zation. Measurements of loss and radius 
of field extent (radius at which field de¬ 
creases to 1/e times that at surface) for 
cross sections of the oval type are shown in Table 30-^ for 24 and 48 kmc. 

Transmission with dielectric tubes as weE as rods is possible. Tubes can have 
lower loss than rods, and theoretical calculations indicate*® that, with a polystyrene 
tube with diameter ratios of 0.9, attenuation at 30 kmc compares with TEoi guide. 




Fig. 30-26. Approximate E-field configura¬ 
tion of HEii mode on a dielectric rod 
waveguide. 



Fig. 30-26. Guide wavelength vs. diameter for polystyrene waveguide. 
Table 30-6- Loss for HEu Mode in Dielectric Waveguide 


MATERIAL 

POLYSTYRENE 

DIMENSIONS 

INCHES 

E 

DIRECTION 

iciSB 

BlBSiI 

FREQ. 

J<MC^ 

SHEET STOCK 

.095 X.156 

■■ 

1.5 

.05 


EXTRUDED 

.086X.I55 


4 

.05 

24 

EXTRUDED 

.086 X.155 

-0 

7 

.025 



.056 X.142 


.4 

1.0 



.056 X.142 

cb 

.8 

.27 



.038 X.114 

cb 

1.5 

.045 

•to 


.032XD96 

lEa 


.007 
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Fig. 30-27. Loss vs. diameter for polystyrene waveguide. 


DIELECTR^C^GUIDE-p^^^^ 



LAUNCHING^ 



Fig. 30-28. Waveguide launcher for HEn mode. 


For a loss of 6 db/mile at 30 kmc, the dielectric tube is 1 cm radius with an 8-cm radius 
of field extent while the TEoi guide would have a radius of 4.5 cm. 

Large-radius bends must be used to minimize power loss due to radiation. If 
sharp bends are necessary, loss can be minimized by using a plane metallic reflector 
outside the convex band to make equal angles with each leg of the bend. 

For good operation, low-loss supports for the guide and a good shield to protect it 
from cross talk, rain, snow, and absorbing moist atmospheres are required. Nylon 
thread has been used satisfactorily for support. A lossy tube outside the field is 
believed to be the best shield. 

The image line*®-*^ is a variation of the dielectric guide which simplifies the support 
problem. The HEn mode, being symmetrical, can be split longitudinally and one- 




30-34 


TRANSMISSION LINES AND WAVEGUIDES 


half replaced by a metal plate as shown in Fig. 30-29. Losses at bends are lower for 
concave bends than for convex. Losses in the image plane are lower than those in 



Fia. 30-29. Image line using HEu mode. 


the dielectric for all commonly used 
materials. 

30.9. CONNECTORS 

Coaxial Connectors. The standard 
connectors used in joining lengths of 


coaxial cables and connecting such cables to other devices are listed in Table 30-6. 

Chokes and Flanges. A list of chokes and flanges used in joining standard wave¬ 
guides is given in Table 30-4. A choke flange is usually mated with a cover flange to 
provide a waveguide junction which is weathertight, low-loss, and more tolerant of 
misalignment than a junction of two cover flanges. The object of the choke junction 
is to present a low impedance at the inner-wall break in the waveguide. 


80.10. DISCONTINUITIES 

Coaxial-line Discontinuities. The most frequently occurring coaxial-line dis¬ 
continuity is an abrupt change in the diameter of either the inner or outer conductor. 
A change in either or both diameters causes a capacitive discontiiiiiity, and unless 



(a) C| = STf] kc3 C'(j(a)i a = ai/b| 



(b) C 2 =2Trg kcBCj(o); a = Og/bg 



C c) C3 kc^ C|j (a)I a=G|/b| 
TOTAL CAPACITY IS Cc^Cg+Cg 



Fig. 30-30. Capacitive discontinuity in coaxial line. 
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Type 

Description 

2 , 

ohms 

For use 
with cables 


BNC Type 


ITO-88C/U 

UG-89B/U 

UG-009/U 

UG-013/U 

Plug 

Jack 

Panel jack, J^"-diam. mounting 

Plug, right-angle 

60 

R6-56, 68. 
141, 142,^0 

UO-300A/U 

UG-491/U 

UG-014/U 

UO-274A/U 

UG.1094/U 

UG-1098/U 

Right-angle adapter (F-M) 

Straight adapter (M-M) 

Straight adapter (F-F) 

T adapter (F-M-F) 

Receptacle J^"-diam. hole mount 

Right-angle receptacle J^"-diam. hole mount 




J^otea: 


1. Gcnoral-purpose weatherproof coaxial connectors for small size r-f cables. 

2. Bayonet-lock coupling (quick disconnect). 

3. Rated at 500 volts peak. 

4. VSWH less than 1.35 to 10 kmc. 

6 . Operate to 250**C. 


Type C 


UG-020A/U 

UG-030/IJ 

UG-033/U 

Plug 

Panel jack 54"-diam. hole mount 

Jack 

60 

RG-5, 6, 21, 
143/U 

UG-670/U 

UG-672/U 

UG-573A/U 

UG-710A/U 

Panel jack ^^^-diam. hole mount 

Jack 

Plug 

Right-angle plug 

50 

RG-8, 9. 11, 
13, 41. 63. 
144/U 

UG-942A/U 

UG-943A/U 

UG-944/U 

UG-946A/U 

Plug 

Plug 

Jack 

Right-angle plug 

50 

RG.IO, 12 

79/U 

UG-709A/U 

UG-704/U 

Plug 

Panel jack J^"-diam. hole mount 

50 

RG-55, 58 
141, 142/U 

UG-707A/U 

Plug 

50 

RG-14/U 

UG-708A/U 

Plug 

50 

RG-17, M/V 

II(1-6(!7A/U 

UO-042A/U 

UG-(i43/U 

IIG-SOOA/U 

UC}-6fl9/U 

lja-701/U 

Right-angle adapter (M-F) 

Straight adapter (M-M) 

Straight adapter (F-F) 

T-adapter (F-M-F) 

Receptacle %"-diam. hole mount 

Pressurized bulkhead adapter %"-diam. hole mount 




N'otes: 

1. General-purpose weatherproof coaxial connectors. 

2. Bayonct-lock coupling (quick disconnect). 

3. Rated at 1,000 volts peak. 

4 . VSW R les s than 1.35 to 10 kmc. _____ 

Underlined cables are not electrically matched with connectors Usted. Cables include 

improved versions. 
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Table 80-6. Frequently Used Cable Connectors {Continued) 


Type 

Description 

2 , 

ohms 

For use 
with cables 

Type N 

UG-18C/U 

UG-20C/U 

UG-159B/U 

Plug 

Jack 

Bulkhead jack ^"-diam. hole mount 

50 

RG-5, 6 

21 , 143/U 

UG-21D/U 

UG-23D/U 

UG-160C/U 

Ua-594/U 

Plug 

Jack 

Bulkhead jack ^^'-in. hole mount 

Bight-angle plug 

50 

RG-8, 9, 11, 
13, 41, 63, 
114. 144/U 

UG-636A/U 

UG-666/U 

UG-1096/U 

Plug 

Bulkhead jack 5^"-diam. hole mount 

Panel jack 

50 

RG-66, 58/U 

UG-27C/U 

UG-29B/U 

UG-67B AT 

UG-680/U 

UG-997A/U 

UG-107B/U 

Bight-angle adapter (M-F) 

Straight adapter (F-F) 

Straight adapter (M-M) 

Pressurized receptacle 

Bight-angle receptacle 

T adapter (F-M-F) 

1 



Notes: 

1 . General-purpose weatherproof coaxial connectors for medium-sizo r-f cables. 

2 . Screw-lock coupling. 

3. Bated at 1,000 Tolts peak. 

4. YSWR less than 1.36 to 10 kmc. 


Type HN 


UG-833B/U 

Jack 



UG-334B/U 

Panel jack 

50 

RG-17/U 

UG-495B/U 

Plug 


UQ-494A/U 

Plug 

50 

RG-14/U 

UG-926A/U 

Plug 

50 

RG-118/U 

UG-1021/U 

Plug 

50 

RG-74/U 

UQ-1041/U 

Plug 



UG-1102/U 

Jack 

50 

RG-18/U 

UG-1103/U 

Panel jack 


UG-212C/U 

Bight-angle adapter (M-F) 



UG-413/U 

T adapter (F-F-F) 



UG-1019/U 

Straight adapter (F-F) 



UG-496/U 

Receptacle 



MX-664A/U 

Armor clamp 



TL-612/U 

Cable dresser 




Notes: 

1 . Special high-voltage connectors. 

2. 4,000 volts peak at 60,000 ft. 

3. Good performance to 3 kmc. 

4. Requires special cable-tapering tool MX-10317. 


Straight adapters between series 


rG-201A/U 

Type N(F) to BNC(M) 



UG-349A/U 

Type N(M) to BNC(F) 



UG-564/U 

Type C(M) to N(F) 



UG-565A/U 

Type C(F) to NCM) 

50 


UG-635/U 

Type C(M) to BNC(F) 



UG-636A/U 

Type C(F) to BNC(F) 



UG-702/U 

Type C(M) to HN(M) 



UG-703A/U 

Type C(F) to HN(M) 




All adapters are weatherproof. 
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*D IS THE GROUND-PLANE SPACING. 'I'(X) IS THE LOGARITHMIC DERIVATIVE OF X! 

W = D-!^ , k= tanhd^ , k‘ = /iIV , K(k) IS COMPLETE ELLIPTIC INTEGRAL OF 
KIk ) 


FIRST KIND. 

W»w + -^«n2FOR -^>0.5 
TT D 


Fig. 30-31. Discontinuities in symmotriciil strip line. 
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tbfi ratio of remains constant, a change in Zo. If neither the line before 

nor the line after the discontinuity udll propagate the higher modes and ii the dis¬ 
continuities are separated from each other by at least the space between inner and 
outer conductors in the line between discontinuities, the capacitance at ^h step can 
be obtained by using the relations and curves in Fig. 30-30. If the ratio of 

inner diameter of neither the line before 
nor the line after the discontinuity is 
greater than 5, the results are accurate to 
better than 20 per cent for all values of a 
plotted. In all cases, only the dielectric 
of the line having the largest ratio of outer 
to inner diameter is considered since the 
field distortion in the other is little 
affected. Greater accuracy can be ob¬ 
tained by use of Rofs. 28 and 29. 

If the spacing between two discontinuities is less than the spacing between inner 
and outer diameters in the intervening line, then the capacitance of the combination 
will be less than the sum of the two, as calculated by this method. The curves of 
Ref. 28 may be used to obtain greater accuracy in this case. 

Discontinuities in Strip Transmission Line. A variety of discontinuities in sym¬ 
metrical strip transmission line have been analyzed, and a method given for obtaining 



POLYSTYRENE 
Di a .034 
Dz » .335 

teflon' a . 
D| » .028 
Da* .335 “f 


Fig. 30-32. Grooved bead for connector. 





TRANSITION 



RIDGED GUIDE TRANSITION 

Fig. 30-33. Waveguide to coaxial-line transitions. 

the equivalent circuit from that of analogous discontinuities in rectangular wave- 
guide.>° These include (1) transverse slot in ground plane, (2) gap in center con¬ 
ductor, (3) round hole in center conductor, (4) change in width of center conductor, 
(5) ff-plane bend in center conductor, and (6) ff-plane T jxmetion and arc shown in 
Fig. 30-31. An abrupt change in the thickness of the center conductor or ground- 
plane spacing causes a shunt-capacitive discontinuity which can be evaluated by the 
method used for coaxial lines. 
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Compensation and Connector Design. In air-dielectric line, some support of the 
center conductor is required. A similar problem exists in coaxial-line coimectors. 
Beads are generally used to provide this support. Line diameters in the bead section 
are usually changed to provide nearly the same impedance in the bead section as in 
the line to avoid an impedance discontinuity. There still remains a capacitive dis¬ 
continuity at each end of the bead. This may be minimized by use of the lowest 



j. 

a 

Fig. 30-35. Susceptance of a symmetrical inductive iris in rectangular waveguide. 


possible dielectric-constant bead. The discontinuity can be further compensated by 
one of the methods described in Sec. 30.3. A combination of methods is often used 
for further compensation. In connectors, the grooved bead is an example of this 
method. The bead has an enlarged hole at each end to provide the required high- 
impedance section. Figure 30-32 shows dimensions for a bead for a ^^-in. line which 
has VSWR of 1.08 or less up to 10 kmc. More detailed design information will be 
found in Ref. 31. 
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Dominant-mode Transitions in Unbalanced Line. In order to excite the dominant 
mode in waveguide, it is necessary to set up an electric field which is parallel to the 
desired one in the waveguide. This is most frequently done with a waveguide-to- 
coaxial or strip-line transition. Transitions into rectangular guide are usually probe 
type, cross-bar type, or ridged-waveguide type. These arc shown in Fig. 30-33. The 
ridged-waveguide type can be built to give the lowest SWR over a given bandwidth. 



Q 

Fio. 30-36. Susceptance of an asymmetrical inductive iris in rectangular waveguide. 



d 


a 

Fig. 30-37. Circuit parameters of centered inductive post in rectangular waveguide. 

but the probe type, which is extremely simple, is usually adequate. Transitions of 
the probe type*-** are available which provide an SWR of less than 1.26 over a 1.5:1 
bandwidth. 

Data on Waveguide Irises and Posts. Certain discontinuities in waveguides 
provide reactance which approximates a lumped capacitance, a lumped inductance, or 
a combination of the two. 
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In general, discontinuities which constrict the guide in the direction of the electric 
field act as capacitance (j^-plane iris, tuning screws, etc.)* Discontinuities which 
constrict the guide in the direction of the magnetic field act as an inductance (iT-plane 
iris, posts, etc.). Thin metal irises are widely used as matching elements since the 
reactance they provide is readily calculable. 

The normalized susceptance of an infinitely thin capacitive iris is plotted in Fig. 
30-34. Thick irises have higher susceptances than those shown. The capacitive 
iris reduces the power breakdown below that of normal guide. 

The normalized susceptance of an infinitely thin inductive iris is plotted in Fig. 3C-35 
and 30-36. Finite thickness increases the susceptance. If d is 0.8a or greater, the 
breakdown is little affected by the inductive iris. 

A post across the narrow dimension of the guide also acts as an inductance and is 
mechanically simple to construct. The normalized susceptance of this structure is 
shown in Fig. 30-37. 

LIST OF SYMBOLS 
f = frequency in cycles per second 

CO e= 27rf 

c = velocity of light « 3 X 10* meters/second 

X = wavelength 

6 =» relative dielectric constant 

Ai = relative permeability 

a = conductivity, mhos per meter 

a « attenuation constant, nepers per meter (note: 1 neper = 8.686 decibels) 

Ea = breakdown of air expressed in volts per meter (see p. 30-2) 

P ■» power, watts 

tan 8 » loss tangent or dissipation factor 

The properties of some commonly used metals will be found in Table 36-1 (Chap, 
35). The conductivity, <r, can be found from the resistivity values by the relationship 

10 * 

<r (mhos per meter) ■= resistivity (microohm-cm) 

Values for c and tan 8 of some commonly used dielectrics will be found in Table 35-2. 
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31.1. GENERAL 

Impedance matching is the control of impedance for the purpose of obtaining maxi¬ 
mum power transfer or minimum reflection. This chapter describes circuits and 

31-1 
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techniques used for impedance matching with special emphasis on those most suitable 
for broadband operation. 

Impedance Matching for Maximum Power Transfer. A variable load impedance 
connected to a source will receive the maximum possible power from the source when 
it is adjusted to equal the complex conjugate of the impedance of the source (Fig. 
31-la). The load impedance and source impedance are then matched on a con¬ 
jugate impedance basis, f 


Zo 


Zl=Z6'' 



Z6=R+iX 

Z^R-iX 


A. A SOURCE AND A LOAD MATCHED ON. A CONJUGATE- 
IMPEDANCE BASIS 


B. 



MATCHING 

NETWORK 


A SOURCE AND A LOAD MATCHED ON A CONJUGATE- 
IMPEDANCE BASIS BY A MATCHING NETWORK 
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Zg 




TRANSMISSION LINE 

2 ( 5 , 




. STANDING 
^ WAVES 
X^^^ON LINE 

WHEN Zl#Z(J 


C. 


A SOURCE, LOSSLESS LINE AND A LOAD MATCHED ON 
A CONJUGATE-IMPEDANCE BASIS 


J— VWS^/\l - 

0 z.'- 

NETWORK 

A 

line 

Zg.fiJ Zo* 

NETWORK 

B 




NO STANDING WAVE 




A SOURCE, A LINE AND A LOAD MATCHED ON A CONJU¬ 
GATE IMPE!dANCE AND CHARACTERISTIC IMPEDANCE 
BASIS BY NETWORKS 

Fio. 31-1. Impedance matching of transmission circuits. 


It is not necessary to vary either the load impedance or the source impedance. A 
fixed source impedance and a fixed load impedance may be coupled for maximum 
power transfer by a properly proportioned network (Fig. 31-16) interposed between 
them. This '‘matching” network transforms the source impedance to the con¬ 
jugate of the load impedance, and vice versa. Thus a conjugate-impedance match 
occurs at the input to the network and at the output of the network. It is true of any 
lossless transmission circuit that if a conjugate-impedance match is obtained at any 


t This is distinct from impedance matching on an image-impcdanco basis in which the 
source and load impedances are equal. Image-impedance matching is sometimes used for 
convenience, often when the impedances are nearly resistive. However, it docs not result 
in the maximum-power transfer condition unless the impedances are purely resistive. 
See Ref. 8. 
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point along the transmission path, then a conjugate-impedance match is obtained at 
all other points along the path. 

Impedance Matching for Minimum Reflection. A length of lossless transmission 
line may form one link in a lossless transmission circuit. Maximum power transfer 
will occur when the circuit is adjusted for a conjugate-impedance match (Fig. 31-lc). 
However, in general, the line will be subject to two waves, a direct and a reflected 
wave, propagating in opposite directions. The interference between these waves 
creates standing-wave patterns of voltage and current. These effects may be toler¬ 
able, but usually they are undesirable. 

If the line has finite attenuation, maximum power transfer from the source to the 
load is obtained only when the following conditions are met: 

1. The generator is loaded by the conjugate of its internal impedance. 

2. The line is terminated in its characteristic impedance. 

The first condition provides maximum power delivery from the source. The 
second condition provides minimum 
power dissipation in the line by eliminat¬ 
ing the reflected wave on the line. 

Figure 31-ld shows a ^'matched'* sys¬ 
tem, that is, a system matched both on a 
conjugate-impedance basis and on a char¬ 
acteristic-impedance basis. This repre¬ 
sents an ideal condition. 

The importance of matching can be seen 
by an examination of the detrimental 
effects of a mismatch. A measure of 
mismatch at the load junction is the 
voltage reflection coefficient. 

— 2^0 

This defines vectorially the reflected volt¬ 
age wave for a imit wave incident on the 
jimction. The power in the load is thus 
reduced from the maximxim available 
power by the ratio of 1 — |p|*. 

The transmission coefficient r = Vl — |p|* deflnes the transmitted wave for a 
unit incident wave. The reduction in transmission is called a reflection loss or transi¬ 
tion loss. Reflection loss expressed in decibels is shown as a function of SWR in 
Fig. 31-2. The reflected wave combines with the incident wave on the lino to form a 
standing wave having a standing-wave ratio (maximum to minimum) of 

1 - p 

The presence of the standing wave increases the maximum voltage and current 
limits on the line for the same delivered power by the ratio -y/S- The efficiency ij 
of the line may be expressed by 

_ ^2 - I/S 2 
’ Si - 1/81 

4Si 

10o.u(g, + i)» _ iO-o iA(,s, - i)« 

where subscripts 1 and 2 refer to output and input of line, respectively, and A is the 
normal line attenuation in decibels. 
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In addition to the relationships discussed above for steady-state conditions, impaired 
operation of a modulated system is frequently encountered because of a delayed 
reflection or echo caused by a mismatch. 

Reflection-coefficient Charts. The reflection coefficient is a vector quantity 
related directly to impedance ratio and mismatch. Its magmtude does not exceed 
unity, so a plot of all possible reflection ratios for passive impedances may be charted 
within a circle of unit radius. Furthermore, the representations of a mismatch 
referred to diflerent distances along the length of a line lie at a constant radius from 



the center of the chart at angles proportional to the distances. Coordinates of 
impedance ratio or admittance ratio may be superimposed on the chart in either real 
and imaginary components (Smith chart, Fig. 31-3) or magnitude and phase angle 
(Carter chart. Fig. 34-14). The convenience of the resulting charts for dealing with 
matching problems, especially those involving transmission lines, has led to their 
use almost to the exclusion of other forms. Certain related specialized charts are 
treated in Refs. 19 to 21. 

31.2. IMPEDANCE MATCHING WITH LUMPED ELEMENTS 

Throughout the lower range of radio frequencies, it is convenient to use lumped 
reactance elements such as coils and capacitors in impedance-matching networks. 
In higher frequency ranges, pure inductance or capacitance may not always be 
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obtained from practical coils and capacitors. However, it is convenient to analyze 
circuits in terms of their lumped reactance (and resistance) elements. 

Any two complex impedances may be matched by a simple L section of two react¬ 
ance elements. If, in addition to matching, it is necessary to maintain given phase 
relationships between the source and load voltages and currents, a third element must 
be used to form a T or r section. A lattice section using four elements is more con¬ 
venient for some applications. The primary use of the simple sections is for matching 
at a single frequency, although it is possible to obtain matching at two or more 
separate frequencies by replacing each reactance element of the basic network with a 


Xs 



OPPOSITE SIGN 


fl = C 0 S ‘'{-^)''2 

Ng 

A. L SECTION FOR MATCHING BETWEEN RESISTANCES 


-X, Xs 



B. L SECTION FOR MATCHING BETWEEN COMPLEX 
IMPEDANCES 

Fio. 31-4. Impedance matching with reactive L sections. 

more complex combination giving the required reactance at each specified frequency. 
Harmonic reduction can be effected in a similar manner by introducing high series 
reactances or low shunt reactances at the harmonic frequencies. 

L Section. The expressions for the required reactance values for an L section pro¬ 
viding a match between pure resistances is shown in Fig. 31-4a. (Here and in the 
remainder of this chapter, X and B will designate reactance and susceptance values 
respectively.) If X, is positive, the network will delay the phase of the wave by 
angle B. If X, is negative, it will advance the phase by the same angle. 

If two complex terminations are to be matched, the series reactance X^ is made to 
include a compensation for the series reactance of the right-hand termination and the 
shunt susceptance Hp is made to include the susceptance of the left-hand termination 
as shown in Fig. 31-46. For this case B represents the phase between the current in 
the left- to the voltage on the right-hand termination. 



31-6 IMPEDANOB MATCHING AND BBOADBANDING 

T and v Sections. Design expressions are given in Fig. 31-5 for T and v sections 
matching between resistive terminations. If the terminations contain reactive or 
susceptive components, it is necessary to include an appropriate compensating com¬ 
ponent in the end elements as in the case of the L section. 

L, T, and tt sections may be used in unbalanced circuits as shown or in balanced 
circuits by moving one-half of each series element to the oi)posite conductor of the 
line. The lattice section is inherently balanced. It is also useful to convert from a 
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Bs 
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B. V SECTION FOR MATCHING BETWEEN RESISTANCES 
Fig. 31-6. Impedance matching with reactive T and tt Bcctions. 

balanced termination to an unbalanced termination, as discussed in Sec. 31.(5 on 
Baiuns. 

Lattice Section. The elements of a lattice section as well as T and tt sections arc 
given in Fig. 31-6 in terms of an equivalent transmission line having th<i same char¬ 
acteristic impedance and phase shift. The required equivalent line may be deter¬ 
mined as described in latter parts of this section. 

Inductive Coupling. A pair of inductively coupled coils is useful in a wide variety 
of impedance-matching circuits. Figure 31-7 shows two possible equivalent circuits 
of lossless coupled coils. The first is expressed in terms of reactance elements, 
including the mutual reactance X^. The second is in terms of susceptance elements, 
including the transfer susceptance Bt- (The transfer susceptance is the susceptance 
component of the transfer admittance, which is the ratio of the current induced in 
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the short-circuited secondary to the voltage applied to the primary.) If capacitive 
tuning reactances are added, the equivalent circuits can be proportioned in accordance 
with the T and w matching sections described above. The required capacitive 
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SUSCEPTANCES; 
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reactances; 

Xa = Zo TAN (-I) 

Xb=-Zo cot (I-) 

a LATTICE SECTION 

Fig. 31-6. T, ir, and lattice equivalents of transmission-line section of characteristic imped¬ 
ance Zo and electrical length, 0 , 




B. IN SUSCEPTANCE TERMS 

Fig. 31-7. Inductively coupled circuits and equivalent T and tt sections. 


reactances required for (1) scries tuning and (2) parallel tuning arc given in Fig. 31-8 
for matching from i?i to 11%. 

The series and parallel capacitors may be used for tuning out the series reactance or 
shunt susceptance, respectively, of a complex termination. 

Lumped Matching Reactance. The standing wave on a transmission line may be 
eliminated on the source side of a matching reactance that is properly proportioned 
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and positioned, as shown in Fig. 31-9. The choice of series or parallel connections, 
inductive or capacitive element, may be determined by the position of the standing- 
wave pattern and other practical considerations. 

Xci Xc2 Xm^(R|R2)^2 



xc2=-xp 

fi 


A. SERIES TUNING 





<3| =^R| 

Ga ='/rj 

fl =SIN^(-'^) 
Dm 

B. PARALLEL TUNING 


Bs ='/Xs 

- 

x„2 -Xp Xs 


Fig. 31-8. Tuned inductively coupled circuits for matching between resistances. 


31.3. IMPEDANCE MATCHING WITH DISTRIBUTED ELEMENTS 


In much of the higher frequency range, it is desirable to use sections of transmission 
line having distributed reactances rather than lumped reactances in the form of coils 
and capacitors. The lines are usually proportioned to yield negligible loss so that 
the following expressions for impedance relationships in lossless lines apply: 


„ _ „ Zl cos -f jZo sin 
“ Zo cos H- jZL sin 

= input impedance of line Zo, terminated in Zx 
For a short-circuited line, Zi, « 0, so that 


(31-1) 


Zin = Z(o = jZo tan fit (31-2) 

For an open-circuited line, Zl =• «, so that 

= —jZo cot 


Ziu = Zoo 


( 31 - 3 ) 
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Transmission-line Stubs. Lengths of transmission line short-circuited or open- 
circuited at one end are often used as reactors in impedance-matching circuits. 
Inspection of Eqs. (31-2) and (31-3) will show that the designer by choice of char¬ 
acteristic impedance and line length has control of reactance value and slope (with 
respect to frequency) at any given frequency. Alternatively, he has control of the 
value of reactance at any two frequencies. The available slope of reactance is always 
greater than unity, the value obtained from a single lumped reactance element. 
Unfortunately, the available slope of reactance is always positive, although a negative 
slope would ideal in many applications. However, an effect similar to that of a 
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Fxg. 31-9. Determination of lumped reactance to match a transmission line. 

series-connected or parallel-connected reactance having the unattainable negative 
slope may often be obtained over a limited frequency range by the use of a parallel- 
connected or series-connected reactance, respectively. 

General Line Transformer. The expression for Zin [Eq. (31-1)] may be recast to 
relate generator and load impedances (Za ^ Ro jXo, Zl =* Rl + JXl) to the 
characteristic impedance and electrical length of a line section, providing a perfect 
match between them. The new expressions are 


Zo = ^ Rl\Zo\* - Ro\Zl\* 

^ Rq — Rh 


= ^ 1\ZqZl\ 


Ra 


Za 


Zl 

Zl 


Za 


1 - 


Rl 


tan fit 


Rq 

Zo{Rl — Rq) 

RlXq — RqXl 
Zo(Xq - Xl) 
RlRg + XhXa — ^0® 
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For Zq to be a positive finite real number, it is necessary that 



Instead of using the above expression for tan one may determine from a plot 
of Zl/Zo and Zg*/Zq on a Carter chart (or a Smith chart) once Zo has been deter¬ 
mined. The two points will be at the same radius. The electrical angle measured 
clockwise from Zl/Zq to Zg*/Zq is (Note that Zg* “ Ro — jXa>) 


Zr 



Fig. 31-10. Line transformer to match to a resistance. 


The Zo and quantities for the required line section may be used to compute 1', 
gr, and lattice sections of lumped reactances to perform the same function using 
expressions given in Fig. 31-6. 

Line Transformer for Matching to Resistance. For the frequently encountered 
case in which either the load impedance or the source impedance is a pure resistance, 
a solution for the required matching line may be obtained from Fig. 31-10. The 
complex impedance R -|- jX is located on the Smith chart in terms of its normalized 
components R/Zq and X/Zo, where Zo is the resistance to which a match is desired. 
The point so found is located within an area having a second set of coordinates if a 
solution is possible. These coordinates Zy/Zo and ^/X give the characteristic imped¬ 
ance and length of the required line. 
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Quarter-wave Transformer. Tho useful quarter-wave transformer results from 
the general line transformer when = ir/2. It has an impedance-inverting prop¬ 
erty, as seen from an inspection of 


Zi, 


Zh 


The input impedance is thus proportional to the reciprocal of the load impedance. 
The phase angle of the input impedance is the negative of that of the load impedance. 


2=00 



DIAGRAM FOR Be TRIMMER 



ALTERNATE FORMS OF TRIMMER 

Fia. 31-11. Reactive transformation trimmer for quarter-wave transformer. 

The quarter-wave line can be used, for example, to transform an inductive low 
impedance to a capacitive high impedance. 

The quarter-wave transformer is often used to match between <liff(^rent resistance 
levels. In this case 

Z^ = 

In a mismatched coaxial line a quarter-wave transformer formed by a simple sleeve 
can be used to tune out the reflection. The sleeve forms an enlargom(mt of tho inner 
conductor or a constriction of the outer conductor whicdi may be stationed whore 
required. The characteristic impedance of the line is rodu(?ed over the quarter-wave 
length by the sleeve to a value of 

Zq 

Vs 

where S is the initial SWR of the line. The load end of the sleeves is positioned at a 
voltage minimum on the standing-wave pattern. Tho impedance, here looking 
toward the load, is Zq/S. The transformer transforms this to so tho lino on the 
source side is perfectly matched. 
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The transformation ratio of a quarter-wave transformer can be changed for fine- 
adjustment purposes by the addition of a lumped reactive element, as shown in 
Fig. 31-11. This is a convenient way of trimming to obtain an exact match when 
close control of the transformer Zo is not practical. The placement of the adjuster 
element is such as to provide substantially pure radial effect on the reflection-coeffi¬ 
cient plane. The magnitude of the required reactance may be determined graphically 
or experimentally. 

Frequency Sensitivity of Line Transformer. The mismatching effect of a depar¬ 
ture from the design frequency for the general line transformer (and hence the quarter- 
wave transformer) can be estimated from Fig. 31-12. 



CHANGE IN ELECTRICAL UNE LENGTH FROM MATCHED CONDITION 
IN WAVELENGTHS 

Fio. 31-12. Frequency sensitivity of a transmisBion-Une transformer. 

Cascaded Quarter-wave Transformers. A number of quarter-wave transmission¬ 
line sections may be arrayed in cascade to realize great improvement in wideband 
performance over a single-section transformer. The characteristic impedances of 
the successive sections are proportioned to divide the over-all transformation sys¬ 
tematically. Figure 31-13 defines the terms that will be used in the discussion below. 

Binomial Transformer. The binomial (or binomial-coefficient) distribution gives 
almost maximally flat performance. In this distribution the logarithms of the 
impedance ratios of the steps between sections are made to be in the ratio of the 
binomial coefficients. 

Table 31-1 may be used to determine the characteristic impedance Zn of the nth 
section in an N-section tramsformer as a function of R^/Ri- 

The input standing-wave ratio of an N-section binomial transformer can be expressed 

by 

S = 1 + (cos 9)" In 

where 9 is the electrical length of each section. This expression is subject to the 
assumptions of small steps, zero discontinuity capacitance^^'^^, and equal lengths of 
the sections. 
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Fig, 31-13. Cascaded quarter-wave transformers. 


Table 31-1. Design Ratios for Binomial Transformer 



6 

6 

»^2 






log (R,/Zn) 
log {Ri/Ri) 
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The two-Bection transformer has maximally flat bandwidth curve for all transforma¬ 
tion ratios. For other values of N the performance approximates the maximally 
flat curve for transformation ratios near unity. 

Tchebyscheff Transformer. If a certain maximum reflection coefficient pm may be 
tolerated within the operating band, an optimum design is possible which allows the 
reflection coefficient to cycle between 0 and pm within the band and to increase sharply 
outside of the band. This is called the Tchebyscheff transformer, since Tchobyscheff 
polynomials are used in its design. 

The input standing-wave ratio of the Tchebyscheff transformer has been given by 



where Tif{x) is the Tchebyscheff polynomial of mih degree defined by 

T,ix) =» 1 
Tiix) = a; 

Tiix) = 2a;* -1 
Tilx) = 4a;* — 3® 


— 2xTm{xi) 

and where 0 is the electrical length of each section and is the length at/— The 
expression is subject to the same assumptions as were made in the binomial case. 

Another expression of Tchebyscheff transformer performance, which does not 
reqtiire the assumption of small steps, is 


Pl 


(1- 


^ cos \ 
S,COS 9-J 

4221 




s,coB 9^J 


where Pl is the power-loss ratio defined by 1/(1 — |p|*). 

The above equation may be converted to an implicit relationship between four 
principal quantities, namely, 

R 2 /R 1 , the transformation ratio 

pw, the maximum tolerable reflection coefficient within the band 
Nj the number of sections 
Fj the frequency coefficient 

Any one of these may be determined by reference to Fig. 31-14 if the other three are 
known. Design constant C of Fig. 31-14 can be used as a measure of difficulty of 
transformation. It may be expressed as a function of R 2 /R 1 and /om or as a function 
of N and F, 
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MAXIMUM STANOMG-WAVE RATIO, Sm 
AND 

•FREQUENCY RATIO, f+'/f. 



Fia. 31-14. Performance of TchebyHcheff transformer. 




Fia. 31-15. Desifin chart for two-and three- Fia. 31-16. Design chart for four-section 
section Tchebyscheff traiiaforincrs. Tohebyachoff transformers. 
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For a working condition, it is necessary that 


c(|2. Pn) g C(N^) 


Figure 31-14 has an auxiliary scale at the top which permits conversion of pm io Sm 
and F to /+//_. 




Fig. 31-17. Design chart for five-section 
Tchebyscheff transformers. 





Fig. 31-18. Design chart for six-section 
Tchebyscheff transformers. 



Fig. 31-19. Performance of 60- to 76-ohm Dolph-Tchebyschefif tapered transition. 

The C versus F curve for AT = 1 (the dashed curve) corresponds to the common 
quarter-wave transformer. For this case Zi *= so it is, in fact, identical 

to the binomial transformer for AT - 1. 

The characteristic impedances may be determined at least approximately from 
the charts shown in Figs. 31-15 to 31-18. For applications in which C is large or 
where greater accura-cy is needed, the values should be calculated directly from func- 
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tions giv ea in Table 31-2. The impedance of the center section when N is odd is 
simply ^/RlR 2 and is independent of F. 


Table 81-2. Design Ratios for Tchebyscheff Transformer 


log (Rt/Ri) 
log (Zi/Ri) 


4—2 cos* 6 - 


N - 3 


log (Rt/Ri) 
log (Zi/Ri) 


8—6 cos* 


JV 4 


log (Ri/Ri) 
log (Zi/Ri) 
log (Zi/Ri) 
log (Zi/Ri) 


16 — 16 cos* -f* 2 cos^ 9 - 
5—4 cos* 6 ^ 


log (Ri/Ri) 
log (Zi/Ri) 
log (Zi/Ri) 
log (Zi/Ri) 


32 - 40 cos* 4- 10 cos^ $- 
6—6 cos* 6 - 


log (Rt/Ri) 
log (Zi/Ri) 
log (Za/jRi) 
log (Zi/Ri) 
log (Z,/Ri) 
log (Zi/Ri) 


64 — 96 cos* 9 - 4 30 cos^ — 2 cos® 6 ^ 
7—6 cos* 0 - 

1 4 21 sin* — 9 sin* 6 ^ cos* 5_ 


where 9- 


(1 - F)t 
2 


31.4. TAPERED LINES 


If the characteristic impedance of a long section of transmission line varies extremely 
slowly with distance along the line, a nearly perfect match between resistive termina¬ 
tions may be obtained. Since a line of such length and such small taper can seldom 
be afforded, much attention has been directed toward the design of tapered lines 
giving acceptable performance over short lengths. 

Exponential Line. An exponential line is one simple form of tapered line. For an 
exponential line tapering from Ei to Ra in an over-all length the characteristic 
impedance Zq of any short section of line (so that the taper may be neglected) at 
distance x from the Ri end of the lino is 


Zq 



Hi exp 


a; In {lUJUi) 

V 


where Lx and Cx are the distributed constants of the line. The line performs similarly 
to a low-pass filter having a cutoff wavelength 


“ In (Ra/RO 

The wavelength in the lino is related to X® by the familiar equation 


“ 4 — 

X a ^ X a 


Xo* 


where Xo is the wavelength in a nontapered line that has the same product of dis¬ 
tributed constants as the exponential line. 
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For an infinite length of exponential line in which no reflected wave can occur, the 
input impedance Zn at the low-impedance end is related to Ri for Xo ^ Xo by 



« exp (-j<t>) 


where <f> *= sin”^ (Xo/Xo). Similarly, the input impedance Zi 2 at the high-impodance 
end is related to Ri by 



= expj> 


Conjugate-impedance matching to these impedances can bo approximated oyer a 
considerable band so that the line may be operated on a quasi-nonresonant basis.** 

If the line is terminated in a resistance equal in magnitude to the output-char¬ 
acteristic impedance, the line is not matched. The reflection coefficient at each end is 


p = ±jtan^ 


The sign depends on the direction of viewing. 

1. When 4C/\g is an even integer, the reflections at opposite ends of the lino cancel 
and the line acts as a perfect transformer. 

2. When 4^/X, is an odd integer, the reflections at opiX)sitc ends of the lino combine 
to give an input-reflection-coefiicient magnitude of 


p => ±j sin <j> 



Nonexponential Tapered Lines. Tapered lines having other than a simple exponen¬ 
tial taper are more complex to handle analytically. Of the several rocent treatments 
of tapered lines, the one by Klopfenstein** promises to have the most general applica¬ 
tion. In this treatment the proportions of an optimum taper aro given. The taper 
is optimum in the sense that for a given taper length, the input reflection coefficient 
has a minimum magnitude through the passband, and for a specified toleran(*.c of the 
reflection-coefiBicient magnitude, the taper has minimum length. The method of 
obtaining the design consists of allowing the number of sections of the multiscction 
Tchebyscheff transformer to increase without limit. As the length of sections 
decreases without limit, the upper cutoff frequency is increased without limit. 

The expression for the input reflection coefficient of the optimum tapered lino is 


p exp = po 


cos (V(jgQ* — A^) 
cosh A 


where is the electrical line length and po is the reflection cot^fficient without the 
transformer. At the lower end of the passband = A. Maximum reflection coeffi¬ 
cient in the passband \f>m\ is jpol/cosh A. 
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The variation of impedances along the taper is given by 

= In JZ ^2 ^ ^ 5 
= In a; < - I 


V is the step function defined by 

C7(a) « 0 2 < 0 
U{z) - 1 2^0 

and 0 is defined by 

= -4>{-z,A) = /' V ^ 

Jq a VI - 2/® 

where Ii is the first kind of modified Bessel function of the first order. 

The function ^( 2 ,A) cannot be expressed in closed form except for special values 
of the parameters. It may be determined from computed Table 31-3. It should be 
noted that because of a design approximation, the value of po to bo used for best 
accuracy is [In (R 2 /Ri )]/2 instead of the usual {R^ — Ri)/(Ri + Ri)» 

Table 31-3. Values of the Function <^( 2 ,A) for z =» 0(0.06)1.00 
and 20 logio (cosh A) ■» 0(6)40* 

0(z,A) 


20 logio (cosh A) 

z ”■ . 

0 5 10 15 20 25 30 35 40 


0.00 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

0.05 0.026000 0.029503 0.030848 0.048140 0.005590 0.092530 0.134313 0.199400 0.301772 
0.10 0.050000 0.059101 0.073029 0.000137 0.130002 0.1845r>4 0.207008 0.3072(i8 0.000025 

0.15 0.075000 0.088081 0.110270 0.143848 0.195001 0.275507 0.300242 0.501802 0.893707 

0.20 0.100000 0.118128 0.140721 0.191132 0.250507 0.305055 0.528002 0.781511 1.178300 

0.25 0.125000 0.147479 0.182899 0.237850 0.322448 0.452552 0.053321 0.004930 1.451913 

0.30 0.150000 0.170708 0.218740 0.283809 0.383902 0.637010 0.774237 1.140744 1.712272 

0.35 0.176000 0.205794 0.254197 0.320059 0.443800 0.010809 0.890101 1.307751 1.957437 

0.40 0.200000 0.234711 0.280101 0.373200 0.502035 0.098707 1.000282 1.454942 2.185803 

0.45 0.225000 0.203438 0.323007 0.410400 0.558103 0.774142 1.104238 1.011487 2.390134 

0.50 0.250000 0.291950 0.357508 0.458441 0.012004 0.845535 1.201523 1.740753 2.587582 

0.55 0.275000 0.320226 0.300837 0.490134 0.053558 0.012904 1.291702 1.870305 2.759084 

0.60 0.300000 0.348244 0.423420 0.538444 0.712709 0.070019 1.374800 1.981918 2.912359 

0.05 0.325000 0.375082 0.455205 0.570284 0.750120 1.034555 1.450409 2.081555 3.045885 

0.70 0.350000 0.403418 0.485328 0.012574 0.802700 1.088504 1.518582 2.150375 3.150875 

0.75 0.375000 0.430533 0.515559 0.047248 0.843541 1.137814 1.579377 2.245710 3.258228 

0.80 0.400000 0.457305 0.545918 0.080245 0.881519 1.182484 1.032947 2.311049 3.339098 

0.85 0.425000 0.483715 0.574305 0.711518 0.910092 1.222504 1.079531 2.350019 3.404836 

0.90 0.450000 0.509745 0.501806 0.741027 0.948855 1.268145 1.719443 2.411351 3.450938 

0.95 0.476000 0.536377 0.528385 0.758745 0,978123 1.289303 1.753005 2.447905 3,497000 

1.00 0.500000 0.550591 0.553899 0.794553 1.004633 1.310391 1.780835 2.470547 3.626068 


* Referenoo 52, by porinission. 
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A comparisoii between the optimum taper, the exponential taper,and the hyper¬ 
bolic taper” is shown in Fig. 31-19 for a specific example. 

81.6. COMBINATIONS OF TRANSFORMERS AND STUBS 

Transfomier with Two Compensating Stubs. Tho simple quarter-wave trans¬ 
former rather poor performance over a wide band. Its wideband performance 



Fig. 31-20. Transformer with two compensating stubs. 

may be improved greatly by the addition of a compensating stub at each end, as 
shown in Fig. 31-20. The reactance introduced by each stub counteracts the varia¬ 
tion with frequency of one-half of the transformer length at and near the design fre¬ 
quency. For the impedance proportions shown, the wideband performance is com¬ 
parable with that of a three-section binomial transformer. For values of R%IR\ 
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below 3, the performance is better than that of the binomial transformer. Above 
this value of the opposite is true. The difference in performance is small, 

however, so considerations of over-all length, 
adaptability to available space, etc., may 
govern the choice of method. 

Modifications may be made to the basic 
proportions to suit particular applications. 

The lengths and impedances of the stubs 
may sometimes be altered to compensate for 
reactance variation in the terminations. 

Stub lengths of half wave and three-quarter 
wave may be used where E^/Ex is high and 
F is 0.25 or less, for the purposes of giving 
more moderate values of Zx and Zx. More nearly exact reactance compensation 
at the band limits may be obtained by using two-section stubs as shown in Fig. 31-21. 
The values of Zx and Zx are chosen close to the ones given in the previous figure, while 
the ratio ZJZx « Zx/Zx is selected for the best compensation at the edge of the 



Fia. 31-21. Transformer with two-sec¬ 
tion compensating stubs. 
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Fia. 31-22. Transformer with single compensating stub. 


required band. Simple series and parallel-resonant lumped-constant circuits may 
be used to replace the stubs at low frequencies. It is always necessary to have a 
series-connected, series-resonant circuit at the Ex end and a parallel-connected, 
parallel-resonant circuit at the Ex end. 




31-22 


IMPEDANCE MATCHING AND BROADBANDING 


Transformer viith. Single Compensating Stub. If it is convenient to use only one 
compensating stub with, the transformer, one of the circuits shown in Fig. 31-22 may 
be used. In this design the allowable maximum standing-wave ratio 8m affects the 
choice of Zi and Zi. 

Tapped Stub Transformer. The tapped stub transformer, shown in Fig. 31-23, is a 
useful circuit for matching between two widely different resistive terminations for 
single-frequency or narrow-hand operation. The design chart shows the relationship 
existing between Ri/Ri, and the two line lengths Li and Lz for the matched 



Fia. 31-23. Tapped-stub transformer. 

condition. The total stub length is a minimum of one-quarter wavelength and 
increases with increasing Zo. The chart is based on a lossless transmission line. For 
very high transformation ratios the effect of even a small loss is appreciable and must 
be accoimted for separately. 

31.6. BAIUNS 

A balun is an impedance transformer designed to couple a balanced tranainiasion 
circuit and an unbalanced transmission circuit. The impedance transformation 
may be accomplished usually with conventional techniques. The conversion between 
a balanced mode and an unbalanced mode, however, requires special techniques. 
Several basic techniques are exemplified by the balun types shown in Fig. 31-24. 
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Fig. 31-24. Basic types of baluns. 
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A balanced circuit is obtained in type 1 by introducing a high impedance of a 
resonant coaxial-choke structure between the outer conductor of the unbalanced 
coaxial circuit and ground. There is no counterpart of the choke impedance in the 
other side of the balanced circuit. Hence the balun does not present a well-balanced 
impedance at any frequency for which the choke impedance is not high. 

The shortcoming of type 1 is overcome in types 2 and 3. Symmetry of the balanced 
circuit is maintained independently of frequency by a two-conductor choke (type 3) 
or by two identical opposed coaxial-choke cavities (type 2). The first three types 
have been widely used because of their simplicity and mechanical adaptability. The 
impedance bandwidth is limited by the shunting effect of the choke. Thus it is 
advantageous to keep the characteristic impedance of the choke lines as high as 
possible for wideband operation. 

Type 4 represents an improvement for many applications, particularly those involv¬ 
ing impedance-level transformation. Unlike types 2 and 3, type 4 has the balanced 
circuit in the innermost line. Coupling is attained through a gap between line 
sections, as before. The necessary choke cavity, however, is around this gap in the 
unbalanced side of the structure. An unbalanced or single-ended cavity can be used 
without disturbing the perfect balance. The connections at the gap may be either 
the series type, as in types 4a and 4c, or of a parallel type, as in types 46 and 4d. The 
parallel connection results in a balanced-to-unbalanced impedance ratio of 4. 

An additional impedance control is available in any of the type 4 baluns at some 
expense of bandwidth by application of the principle of the tapped-stub transformer. 
This is illustrated by the alternate position of the unbalanced line in the drawing of 
type 4m. The desired impedance transformation ratio determines the length of 
coaxial-choke line on each side of the unbalanced-line tap position in accordance 
with rig. 31-23. 

The type 6 balun employs a half-wave delay line. It is connected between the 
two balanced-line terminals as shown, forcing the potentials to ground to be equal 
and opposite at the design frequency, A balanced-to-unbalanced impedance ratio 
of 4 is obtained. 

Type 6 employs helically wound two-wire transmission lines. At the unbalanced 
end, they are connected in parallel. Enough line length is used to develop high 
impedances to ground at the opposite ends. There the lines are connected in series 
to form the balanced terminals. A balanced-to-imbalanced impedance ratio of 4 is 
obtained. 

Type 7a is a conventional 6X/4 hybrid ring which operates similarly to type 5. 
The path length from A to C is one-half« wave longer than from A io B. Each path 
is an odd number of quarter waves long so that impedance transformation may be 
incorporated by proper selection of wave impedances. Furthermore, a load resistor 
at D is connected to terminals B and C by quarter-wave lines. This arrangement 
tends to dissipate the energy in an unbalanced wave without affecting a balanced 
wave. 

Type 7b is a 4X/4 hybrid ring that operates similarly, except that the impedance- 
matching function is performed by the separate quarter-wave lino AC- 

Type 8 is the familiar lattice circuit. In it the incoming unbalanced wave energy 
is divided equally between two channels, one providing a 45® lead, the other a 45® lag. 
The output voltage is balanced with respect to ground and is in quadrature with 
the input voltage. The lattice may be proportioned to match any two resistance 
values. 

Type 9 is similar in principle to type 6. It is most suitable for operation at the 
longer wavelengths where the size of a type 4 tends to become excessive. It may bo 
connected for an impedance ratio of 1 or of 4. 

Type 10a is a convenient balun type for feeding balanced dipoles. The slotted 
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portion of transmission line supports two modes of transmission simultaneously. 
Energy in a coaxial mode from the unbalanced input is substantially unchanged by 
the presence of the slots. The field of this mode is almost completely confined within 
the outer conductor. A balanced mode also exists in which the halves of the slotted 
cylinder are at opposite potentials and the center conductor is at zero potential. 
The field is not confined to the space within the slotted cylinder. (If leakage and 
radiation are to be minimized, another cylinder may be added over-all for shielding.) 
The connection strap between the inner conductor and one-half of the slotted cylinder 
requires that the coaxial-mode voltage be equal and opposite to that half of the 
balanced-mode voltage. Thus a balanced-to-unbalanced impedance ratio of 4 is 
obtained. 

Type 10a will give almost perfect balance over a wide frequency range if the 
slot width is kept small and symmetry is maintained at the strap end. A variation 
of this basic type of balun is the three-wire balun shown in type 10&. It is sufficiently 
well balanced for use in noncritical applications. 

Type 11 illustrates another method by which an impedance transformation may bo 
obtained by a connection independently of frequency. Two coaxial lines are con¬ 
nected in parallel at the unbalanced terminal and in scries at the balanced terminal. 
A third cylinder is added to preserve symmetry. The impedance transformation 
ratio for this structure having two lines is 2*, or 4. More coaxial lines could be added 
to give impedance transformation ratios of 9, 16, etc. Practical limits are soon 
reached in this direction, however. Bifilar coils can also be used in a balun operating 
on this principle. 

Balun action can be obtained by the use of a pair of inductively coupled coils. 
Leakage reactance interferes with wideband performance, although its effect may bo 
tuned out for narrow-band operation. When the coils are closely spaced to reduce 
the leakage reactance, intercoil capacitance is increased- Its effect toward unbalanc¬ 
ing the balanced end of the circuit must bo minimized. 

31.7. BROADBANDING 

The most general problem of broadbanding is that of synthesizing a cinuiit to match 
one arbitrary impedance to another arbitrary iinpedaiu^e ovc^r a presc.ribed frequency 
range to within a prescribed tolerance. Fortunately, the broadbanding problems 
found in practice involve impedances that arc not complct(dy arbitrary, inasmuch 
as they are composed of a combination of physically realizable inductances, capaci¬ 
tances, and resistances. 

Neverthedess, the combinations are usxially too complex for the impedances to be 
treated as simple functions of frequency for which thoor(»,tical solutions®®'®’ are avail¬ 
able. As a ms\ilt, graphical representations of the trans<*»ondental impedance func¬ 
tions are frcupiently ndied upon. 

A further simplification of the broadbnnding problem often occurs because at least 
one of the impedanc(is to be mat(die<l usually is the characteristic impedance of a 
transmission line and th\is is either constant and n^sist.iv<^ or nearly so. The problem 
of matching two resistive iinpedan<*.(‘s is tn*atMl in earlic^r i)arts of this section. The 
problem of matching a load of fre<iuency-varying iinp(*danc(^ to a constint resistance 
is so common that tlu* following discussion will be liinit(‘(l to this ease. 

Several broad rul<*H that apply to broa<ll)amHng practie<^ are given, as follows: 

1. The difficulty of o}>taining a prescribed tolerance* of match incnuises with the 
required bandwidth. U<‘h*r to p(‘rformance charts of a T<du‘bys(du^ff transformer 
for an examph* of this and of the following nd(*. 

2. The (lifReulty ine-retisess with transh)rmation ratio (<^xpr(^H8ed as a quantity 
greater than 1). 
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3. The difficulty increases with the electrical length of the transmission circuit 
between the load and the first point of control. 

4. Improvement of match throughout one sector of the frequency range will 
generally be accompanied by an increase in mismatch in other sectors of the frequency 
range. 

5. Any physically realizable passive impedance plotted on the reflection-coefficient 
plane displays a circular or spiral motion having a clockwise sense of rotation with 
frequency. 


a 
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Fig. 31-26. Broadband compensation methods. 






The effect of a length of mismatched transmission line between the load terminals 
and the first impedance-matching control is to introduce an additional variation with 
frequency that is seldom favorable over an appreciable bandwidth (rule 3). For 
this reason it is advantageous to conduct impedance-matching control at a position 
close to the load terminals. In fact, if control of the load impedance is available 
from within the load itself, advantage should be taken of this to select the most 
suitable shape and position of the impedance locus on the reflection-coefficient plane. 

Transformation of the given impedance locus on the chart to one that is compactly 
situated about the desired impedance point requires, first, a method of moving the 
impedance locus and, second, a method of compensating for the variation with fre¬ 
quency inherent in the original impedance locus and that introduced by the moving 
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Fig. 31-26. A two-stago compoimation method. 



(c) 

Fro. 31-27. PoHsibh* phyHiciil omhodimentH of oompotmiitioii inotUodH of Fig, 31-25. 
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process. Means for moving the impedance locus may include lumped or distributed 
constant elements forming shunt or series reactanceSi cascade transformers, or a 
combination of these. Selection is made to introduce as little adverse variation of 
impedance with frequency as possible. 

Compensation of variation of impedance with frequency is usually limited to a band 
including less than one complete convolution of the original impedance locus if a high 
degree of compensation is required. Typically, a sector of the original impedance 
locus is selected which may be made to appear similar to those shown in Fig. 31-25. 
Then a matching circuit having a variation of reactance of opposite sense (and of the 
proper magnitude) is added to yield the tightly knotted transformed locus as shown. 
Essentially all the reactance variation may be eliminated; however, a small reactance 
variation and a larger resistance variation remain. In certain instances it may be 
advantageous to utilize two stages of compensation, as illustrated in Fig. 31-26, in 
order to accomplish a doubly knotted transformed locus. Note that the orientation 
of the Smith charts as shown in Figs. 31-25 and 31-26 is rotated 180^ from the usual 
orientation of the Smith chart as shown in Fig. 31-3. 



Fio. 31-28. Structure to match barretter to 50-ohm impedance. 


There are many ways of forming these matching circuits into physical structures. 
A few simple examples are shown in Fig. 31-27. A more complex structure utilizing a 
transformer with two compensating stubs in a circuit described earlier in this chapter 
is shown in Fig. 31-28. 

Resonant lengths of the transmission line may be used in place of the lumped- 
constant resonant circuits. The LC product or the length of the line is selected for 
resonance at /o, the mid-frequency of the sector. The L/C ratio or the characteristic 
impedance of the line section is selected to give the proper amount of compensating 
reactance at /+ and the edge-band frequencies. 

81.8. DISSIPATIVE AND NONRECIPROCAL DEVICES 

The methods for impedance matching described elsewhere in this chapter all 
employ means to introduce controlled nondissipative reflections to cancel or reduce 
the original reflection. By these methods the energy from the source is channeled 
efficiently to the load, with little or none allowed to reflect into the source. If it is of 
more importance to reduce the effect of the reflection upon the source than it is to 
maintain a high efficiency, it may be advantageous to use either a dissipative network 
Or a nonreciprocal network and to accept a loss in the transmitted energy. 

A dissipative network having a power ratio of attenuation k introduced between 
the source and load will cause a reduction in the reflection coefficient (at the source 
end, referred to the characteristic impedance of the network) by the factor k. Thus 
an attenuation of 1 db is required for each 2-db reduction of the reflection coefficient. 
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Nonreciprocal microwave devices are available as isolator units employing ferrite 
materials. In these the path of the reflected wave is made to terminate in a dissipa¬ 
tive load rather than in the source itself. A typical design may give a reduction 
in the reflected wave at the source of 20 db or more with only a 3^- or ^-db increase 
in attenuation for a matched load. The attenuation loss for a nonmatched load is 
increased by the reflection loss given by Fig. 31-2. 
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82.1. GENERAL DISCUSSION 

Etmctions of a Radome. Many microwave antennas and some UHF antennas 
require a housing, or radome, to fill one or more of the following requirements: 

1. Protection against weather, including wind, rain, and icing. 

2. Proper incorporation into the streamlined structure of an airplane or guided 
missile. 

3. Provision for pressurizing. 

4. Reduction of scanning-power requirements. 

5. Matching of feed horns. 

Apart from requirement 5, these are mechanical needs which must be met without 
impairment of the performance of the antenna electrically. Radomcs arc generally 



low-loss dielectrics of thickness comparable to a wavelength which are shaped to 
cover the antenna and, if necessary, conform to aerodynamic streamlining (Fig. 32-1). 
Radomes are used with virtually all aperture-type airborne antennas and many 
ground-based and shipboard aperture antennas which must withstand severe weather 
conditions or have a rapid scan rate. Gridded or perforated reflectors, which arc 
not airborne, are less likely to need radomes. 

Electrical Problems. Radomes can distort the fields of antennas in many ways. 
They may change the phase and amplitude of the incident wave, and this change 
may be a function of the position of the radome with respect to the beam cross section. 
This in general produces an error in gain, beamwidth, side-lobo level, and other 
pattern characteristics, all of which may be appreciable (Fig. 32-2). The radome 
may cause depolarization or rotation of polarization. Radomes may also reflect 
or absorb an appreciable portion of the energy from the beam, which may reduce the 
range, cause magnetron pulling, or change the effective impedance of the antenna. 
Radome distortion may be sufficiently bad to cause disappearance of signals by 
magnetron pulling, signals from spurious directions by reflection, or slight shifting 
of the apparent signal direction by refraction and diffraction. 

In an analysis of these effects, it is often sufficient to replace the curved radome 
wall locally by a plane wall of the same cross section. The reflected and transmitted 
waves may then be determined from plane-sheet theory, and if these are a suffi¬ 
ciently good approximation, the results can be translated into estimates of the elec¬ 
trical effects, for which the radome is responsible. With the exception of fcod-match¬ 
ing radomes, an ideal radome wall acts electrically like free space. This would bo 
true if the radome were totally transmitting and its transmission insert phase wore 
constant independent of incidence angle and polarization. Achievement of trans¬ 
mission close to 100 per cent (or of reflection and absorption close to zero) and of 
nearly constant insert phase are thus measures of the excellence of any radome. 

Mechanical Problems. Radome mechanical problems may be quite mild, as in the 
case of a beacon in a small cylindrical radome; or as in the case of a supersonic nose 
radome, they may be so severe that the electrical requirements must be modified. 
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Ordinary solutions to mechanicalnstrengtli problems are not satisfactory- Only 
certain wall cross sections are permissible, and supporting ribs generally may not be 
placed on that part of the radome through which energy is transmitted. 

Strength. All operational radomes must be able to withstand rough handling. 
Airborne radomes have to meet aerodynamic loading requirements and, if possible, 
the ditching load requirements in the case of a forced landing. Ground and ship¬ 
board radomes may have to withstand hurricane-force winds. In some systems, 
pressurizing the radome instead of only the r-f transmission line places a tensile stress 
on the radome. 

Stifiness. Some deformation of the radome in operation may be tolerated; radome 
electrical performance is generally not as sensitive to shape changes as to dimen¬ 
sionally comparable wall cross-section errors. Deformation inhibiting the motion 



Ftci. 32-2. Typical radiation patterns showing tho offc^ot of the radomo. 

of a scanning antoiiiia or irudiiHiic. deformations which Uuid to pcuinanont impairinont 
of electrical properticH and structurul breakdown cannot bo pcrn\iUe<l. 

Heating. High-Hp(M*<l airhorno radomoH may eneoiinh^r (^xtrcuu'ly high toinpcra- 
t.uroH diK^ to ac^rodyiiainic. luxating. Other ra<lomcH emtounter high tcmpornt.uro 
from the dircM'.t heat of t.lics sun. Most common radome luatorialH deiesriorato both 
structurally and (do<d.ri(nilly in th(^ toinperaUire rang<^ 17fi to 500®F. 

Absorption of Water. AbsorlxMl wai(*r increaBOH the dicdrctric*. constant and loss 
tangent of the radonu^ wall. lIygn)wopi<? ra<l()in<^ inaUTialH Hhouhl be avoided. 
Materials which abnorh waU^r on imiiu^rHion because of pores or voidH re<iuirc a pro¬ 
tective coating. A w<‘iglit incnuiso of 1 <‘h« than iS per cent at e(iuilil)riuin in an atmos¬ 
phere at 100 per cent r<^lutive humidity and 125"F is giUKTally *wtc(^ptablc. 

Abrasion and Erosion. Dimt and Hinall HtoncB may eause wear to aircraft radomes, 
(‘Hpeeinlly at tak(M>tT and larnling. Fitting due to raindropH <^an damage^ to 

aircraft noHc radomes at spcHHls over 350 inph. Up to 000 mph, (dastoincric coatings 
of neopnuu^ (M)rni)nun<lB arc used to inhibit erosion. 
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Weight. Weight coasiderations are very important for modium-size or large air¬ 
borne radomes and for the very large ground-based radomes. Thin-wall radomes 
ranging in weight from 0.2 to 2 psf and A-sandwich radomes weighing 1 to 3 psf are 
employed for these applications. 

Icing. Ground, ship, and aircraft radomes may gather ice during unfavorable 
weather conditions. Even a thin ice coating may impair the electrical performance 
of the radome and must be removed by the application of heat or de-icing sprays. 
Mechanical removal by de-icing boots is electrically unsatisfactory. 

Gun Blast. Radomes for gun-laying radar may have to withstand sudden pressure 
from gun blast. A 20-mm gun muzzle should not be closer than about 10 in. from a 
radome. Badome blast resistance is relatively independent of wall construction, 
hut a spherical shape stands up considerably better than a flat panel of the same 
construction. 

Common Radome Classiflcations. Wall Sirv^iures^ The simplest typo is the single 
homogeneous layer whose thickness is electrically a multiple of a half wavelength: 
d * nX/2(«/€o — sin* where d is thickness, n is an integer, e/eo is relative dielectric 
constant, 6 is incidence angle, and X is wavelength. If ohmic wall losses may bo 
neglected, as is usually the case, such a wall is nonreflecting at the specified incidence 
an^e and wavelength and any polarization. The two most common types aro the 
hedj-^aoe wotUf when w 1, and the thin wollj when d ^ X/2(6/eo sin* 0)^, which 
is the practical approximation to the n » 0 case. 

Multilayered walls are employed for structural reasons. Apart from surface- 
finish treatments, they are almost always symmetrical with respect to the cross- 
section center line, and hence consist of an odd number of layers. By far the most 
common is the ordinary, or A sandwich (Fig. 32-24). This is a threo-layercd wall 
whose core has a low dielectric constant relative to the outer layers, or skins. The 
core is approximately a (quarter wavelength thick, and the skins arc thin compared 
with a wavelength. The B sandwich is also three-layered with a thin core of high- 
dielectric material and quarter-wavelength skins. Five-, seven-, and even nine-layer 
walls are sometimes used when great strength is required, coupled with some weight 
limitations. The simplest of these is the C sandwich: two A sandwiches back to 
back. 

Shape, Radome problems are considerably aggravated if the radome must be 
streamlined. If the radome need not be streamlined, then a shape is generally chosen 
so that the maximum incidence angle of the rays from the antonna is less than 30®. 
The reflection and transmission formulas (Sec. 32.2) are substantially independent of 
incidence angle and polarization in the range 0 to 30°, so that these radomes are 
classified as normaldncidence radomes and the normal-incidence formuhis are applied. 
All other radomes are considered streamlined. Normal-incidence radomes are some¬ 
times called cylindrical radomes, although some radomes of this type are flat, spherie.al, 
parabolic, etc. Common streamlined radome shapes arc ogive, ellipsoidal, conical, 
and log-spiral. 

Application. Large ground-based radomes arc used for early-warning rjuliir. They 
may be rigid or flexible. Airborne radomes arc lightweight, strong, and often st.roain- 
lined. Pressure seals for antenna feeds are small normal-iiicidcncc radomes. 

32.2. SINGLE-WALL RADOMES 

Single-wall radomes are frequently used in ground and shipboard applications and 
less frequently with airborne antennas where large strength-weight-ratio require¬ 
ments for a sandwich construction. 

General formulas for the complex reflection and traiisinission coeffi<ii<*nts of 
single wall are as follows: 
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« y[l — e3cp (~2yZ/o — 2j»] 
^ “ 1 — r* exp (— 2<e»Lo — 2jV) 
« (1 - exp (-yLo - jy) 
™ 1 — r* exp ( —2^Lo — 2jV) 


32—5 

(32-1) 

(32-2) 


Here ^ is 2 t times the electrical thickness.* 

2ird/6 ..AJ'ii 

4p = -y- ( - — Sin* Bj radians 

where B — incidence angle (measured from normal) 
d/X = thickness, wavelengths 
Lq is the attenuation due to loss given by 

(e/eo) tan 5 


" 2(€/€o - sin* B) 

and r is the Fresnel (interface) reflection coefficient given by 

_ _ i -V 7 .+ jx. 


(32-3) 


(32-4) 


1 + VZ — jLi 

where «« is the equivalent relative dielectric constant (Figs. 32-3 and 32-4) given by 


(e/ea) — sin* 6 
cos* d 

(e/co)* COS* 0 
^ (e/eo) — sin* 6 


and Li is the nuKitaiice due to loss: 

_ (e/eo) tan 8 


Li * 


(perpendicular polarization) t 
(parallel polarization) f 

(perpendicular polarization) 


(32-6) 


2 cos d[(e/eo) — sin* 

(e/eo) tan 5[(e/eo) — 2 sin* 0\ cos B , ,, , i • x- \ 


In these and later formulas we observe the customary radonie convention of con¬ 
sidering the negative of the actual reflection couflicieiit for parallel polarization. 
Under this convention the reflection or transmission formulas for perpendicular and 
parallel polarization are equal when 9 » 0. 

The preceding formulas neglect loss t<^rms of order tan* 5. This approximation is 
satisfactory for all usable radome mat(^rials, except at vc^ry c)l>li<iue iiKuchmce angles. 

Lossless Case. If we neglect loss entindy, tlu^ powcT reflection and transinission 
coefficients rc^duce to 


1pI“ 


+ 1 


'Ir* sin* ip 1 

(1 - r*)* f •jr*sin* V “ 4e7 ' 

(i - ej* sin* ip 
1 

(I — e,)* sin* ip 
4e, 

and we obtain the conservation of energy: 


,a_ ,(l-r*)* 

I (1 Hin* ip 


I + 


1/>1* f |r|» - I 


(32-00) 

(32-66) 


(32-7o) 


* Also known as the optical path length, in geoinc^trical optics. 

t For perpendicular polarization, the electric vector is pc^rpendicular to tho piano of 
incidence. For puralhd polarization, the olootric vector is in the plane of incidence. (Note: 
The plane of incidcuice is (h^finod as the plane containing a ray and the normal to the surfaco 
that it interseetH.) 
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Fig. 32-3. Effective dielectric constants (parallel polarization). 



ANGLE OF INCIDENCE IN DEGREES 

Fig. 32-4, Effective dielectric constants (perpendicular polarization). 
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Since the phase of the reflection coefficient and the phase of the transmission coeffi¬ 
cient are related by 

/t - Zp = ±2 (32-76) 


either coeflicient serves to determine the other (apart from the sign ambiguity) by 
means of Eqs. (32-7a) and (32-76). From Eqs. (32-6) it follows that p - 0 if y is a 
multiple of t or if 


d 


_nX_ 

2[(6/eo) — sin* 


(32-8) 


Here n is an integer called the order of the radome. The case n »■ 1 is the half¬ 
wave wall.** The value of 6 for which Eq. (32-8) holds is called the design angle. 



Fio. 32-6. IV)w<‘r-roflortion coefficient of a IobrIohh dielectric sheet at normal incidence. 

Reflection will Ix^ exac.tly zero at the design angh^. /> is also zen) when r - 0; this 
occurs only with parallel iM)larization at Brewstc^r’s angle dn. 


Bu 


tair‘ 



(32-9) 


As a function of t hickru'sH or fnxpwMicy the power refhx'.t.ion and transniission alt(^rnat.<^ 
through maxima and minima. Maximum refh'ction, and hemte minimum trans¬ 
mission, ocr.nrs at odd multiph^s of the (iuarter-wav<dength thicikmjss. These values 
are 

|pl*niin *■ 6 ^ l (32-lOa) 



This behavior is ilhisiratctl in Fig. 32-6. Figun^ 32-(> o1T<ts a convenient method 
for obtaining |p|* in l<*rms of (f//X)|(e/#„) — sin* B]y^ ami r. A useful type of plot for 
design puriwwes shows contours of constant power refloidion vs. wall thickness in 
wavehmgths and incichuu^e angle, as shown in Figs. 32-7 to 32-10. These graphs 
show that while the horizontal zen) reflection contours* ar(^ independemt of polariza¬ 
tion, the redection (•ocflici<‘nt oth(‘rwise is very much polarization-dependent. In 
particular, the contour which occurs at Hn‘wster’s angle for parallel polarization docs 

* Those arc the curves defined hy Kqs. (32-0). 
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not appear at perpendicular polarization. The transverse zero reflection contours 
are steeper at higher orders (only orders n = 0, 1, and 2 are shown), but this behavior 
is general. For a given thickness and incidence angle, reflection at parallel polariza¬ 
tion is always less than at perpendicular polarization. 

We observe that as e increases, the nonzero reflection contours hug the horizontal 
zero reflection contours more closely and the latter become flatter. This shows that 
at high values of 6, low reflection may be obtained over a wider range of high-incidence 
angles but that small thickness tolerances must be maintained. 



0.9 

0.7 


0.4 

0.5 


aoi4 z 

aoto 


Fio. 32-6. Over-all reflection coefficient (p) for a symmetrical configuration of zero absorp¬ 
tion plotted as a function of the departure from electrical half-wave thickness and the skin 
reflection coefficient r. 


The insert phase which is the quantity of interest in radoino phase-distortion 
considerations, is given by 

2trd cos d 


where 


1 H-H 
1 -H 


^ a — ' 

A 

« tan"^ (A tan tp) — 

(e/eo) -h 1 — 2 sin^ d . 

2 cos ^[(e/eo) — sin* 


2ird COS 9 


radians 


(perpendicular polarization) 


(6/6o)*cos* e -H e/eo — sin* 9 . ,, , , - v I 

2 l7 ..)eoi 9[(eA.,) - 8ia« polarxmtion) | 


(32-11) 


(32-12) 


The factor A is a correction which takes account of multiple reflections between the 
interfaces of the panel. When this may be neglected (i.e., taken equal to unity), 
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ANGLE OF INCIDENCE IN DEGREES 

Khj. ;<2-7. C\>!it()urH of (^ouHtfiiit. powc^r roflortioii (r>orj)CMi(li<uilar r>olHrisation, dioloctrio 
coimtaiit -ra 2.7 #o). 

tho inH(‘rt pluiHo <l» is simply th<* <lifT<»ron(!o botwoon tho <‘l(‘ctrioal thicknosH of tho panel 
ip and that of fr(*o spacjo. Tho invorsc* tangent in lOcp CVJ-Il) nuist Ixs taken in the 
saiiK^ (piadrant as Kigun* l\*2- 11 shows a plot of inscTt phiiHct vs, iru!i(l(*noo angle 
of a > 4 -inoli K-hand pain*! for various values of « at parallel polarissation. The 
behavior is typical: inscTt phnw^ is always an incrcjiHing function both with respect 
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Fia. 32-8. Contours of constant poT^er reflection (parallel polarization, dielectric constant 
= 2.7 «o). 


to e and d for any fixed incidence angle and either polarization. Insert phase is also 
an increasing function of d except at oblique angles. If the curves of Tig. 32-11 wore 
continued to ^ = 90®, all of them vrould pass through one of a sequence of nodal points 
<p (2n + l)ir/2, where n = 0, 1, 2, etc. Some would turn down in order to do so. 
For these, therefore, the insert phase decreases with B at oblique angles. 
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Figures 32-12 and 32-13 show the dependence of insert phase at perpendicular 
polarization on the thickness-to-wavclength ratio for various incidence angles and 
for values of e 26o and O^u, respectively. Figures 32-14 and 32-15 show the same 
quantities at parallel polarization. The variation V of insert phase with incidence 
angle, which is defined by V =*» d^/dd^ is a quantity of interest for streamlined radomo 
design. From those figures we observe that, while not particularly sensitive to 
V is proportional to d/\ modified by a modulation of half-wave periodicity which 
causes a relative decrease in V near multiples of the electrical half-wave thickness 
and a relative incroaset in V near odd multiples of the electrical quarter-wave thickness. 



ANCLE OF INCIDENCE IN DEGREES 

Fia. 32-«. (\>nt(nirs of coimtant power reflection (perpendu^ular polarization, di<deetri<r 
constant » 10 «o). 

Thin Radomes. Whenev<*r it is Htrueturully p(‘nniHHil>l(‘, a Huflieiently thin radome 
()ff(^rH the most Hiitisfaclory el<‘etrieal wall. Th(s poHsibility of using ji thin radoitu' 
depends on the ininiinuin thickness structurally toh*ral>l(‘ (S(*e. 32.4) and the re(iuired 
transmission pn)p<Ttu‘H. 'I’lie inaxinium thickn(‘ss for i)() and 1)5 per c<uit i)ower 
transmission is shown in Fig. 32-lfl ns a function of incidcuuu^ angle and diel(‘ctri<^ 
constant. Siippose i)() p(*r c(»nt transinissicm is <h*Hin‘d wit h a <li(dectric constant of 4 
and an angles of incidence of 50®. Fn>m the figure, d/X cannot <^xc(»e<l ().()2, If 
X ■= 12 in. (L hand), d cannot ex<u»ed 0,24 in. This may he structurally Huflicituii. 
But if X » 0.5 in. (K hand), U cannot exceed 0.01 in. and siudi a wall woidtl not 
structurally satisfactory for a rigid radome. 

Approximate formulas for the power refleetion and tranmnission eo(dIici<uit valid 
if the electrical thickness is less than an eighth wuv<4ength and if the amplitmh* 
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Fig. 32-10. Contours of constant power reflection (psirallel polarization, diclootric con¬ 
stant = 10 eo). 


reflection is small are 

|p1> = (fiziil! fl. _ sin! g\ (32-13) 

(I(32-,4) 


If the electrical thickness is less than an eighth wavelength and if the iuU^rfacc 
reflection coefficient r is not large, the insert phase becomes approximately 




I ^^^X^coB g (perpendicular polarization) 

rd[(./..) C08«^fl + rin«91[(!/«.) - 1] polarisation*) 


(32-15) 


Design for N'ormal Incidence. A normal-incidence radomc is used whenever 
streamlining is not required. If the angles of incidence of rays transporting appre¬ 
ciable energy from the antenna to the radome wall are all loss than 30°, the radome is 
considered a normal-incidence radome even though it may appear quite streamlined 

* Formulas (32-13) to (32-15) also give the approximate power reflection and trans¬ 
mission coefficients and insert phase for panels nearly n half waves thick if d is interpreted 
as the difference between the actual thickness and the n half-wave thickness, the latter 
given by Eq. (32-8). Thus these formulas also give the effect of thickness tolerances for 
thick single-w-all radomes. 



SINGLE-WALL EADOMES 


32-13 



berauw* of fnirinn or tho art*a of the nwlomo <1 <)(*h not inclucUs the 

highly curvcMl rogionH (Kip;. 

Iho Hliapo of the* radoiiu* ih not rritioal to itH ol(*ct.ri(ial porfornianeto; any mnooth 
Hurfaco in HatiHfiu^tory in whicjh t.lio ourviiiun* w kopt uniformly low and which fairB 
into th<* mountinp; Htnioturc i>roi>«*rly, provielcul Hnflhncuii olciamiUH^ with roRard to the 
antonna in inainhiiiKMl. 

A low-loHH dieI<‘ctrio material with witinfact^iry in<*ohiinmal proporticH such as a 
Fiborglas and imlyoHtor ronin Imninato is uhwI for the wall itsedf. Nonnal-incidonco 
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Fig. 32-12. Insert phase of plane sheet, e = 26o, perpendicular polarization. 
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THICKNESS IN WAVELENGTHS 


Fig. 32-13. Insert phase of plane sheet, e — 6co, perpendicular polarization. 

radomes do not have the problem of minimization of reflection or transmission-insert- 
phase variation over a wide range of angles such as streamlined radomes do. The 
dielectric constant is generally chosen lower than in the case of streamlined radomes. 
The lower dielectric constant yields larger thickness tolerances. This is demon¬ 
strated for the half-wave wall in Table 32-1 where the maximum error in thickness 
Ad divided by wavelength \ is shown for various maximum permissible power-reflec- 
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%-THICKMESS IN WAVELENGTHS 

Fig. 32-14. Insert phaso of piano shoot, e "■ 26o, parallel polarization. 



Fi(j. 32-15. InHort phase of i>laiio shoot, « *» Oeo, piinilh*! pohirimtion, 


tion <■()(*fIiric*ntH arul vnlu(»H of coiiHtaut. TrunHiniHHion Iobh duo to Absorp¬ 

tion in also Iohh for low valuoH of « (Fig. 32-18) and a fix(Ml Iohh taiipsont. 

If the rndomo in to be made of a single layer, aa oi>tiiuum thicknesB is choHon. 
Th(^ iimplibide refl<^ctic)n coeffutkMil in »tadc% iw Hinall iih possiblo in ordc‘r to minimize 
trnnHinittcfd powi^r Iohhoh and to reduce refl<udion hack into the unU^nna transmisHion 
line. For the half-wav<^ wall, lh(» optimum thickncHH vvmII h<» nlightly* le»H than the 
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Table 82-1. Tolerances in Half-wavelength Thicknesses of Homogeneous Panels 


Ad 

Values of -r- 

AO 

€ 

€0 


1p1* » 0.01 ip|» » 0.02 

1p1* = 0.04 

2 0.033 0.047 

0.069 

4 0.011 0.016 

0.022 

10 0.004 0.006 

0.007 


value given by Eq. (32-8), if loss is taken into consideration. This is indicated 
in Fig. 32-19, where the first maxima after d = 0 are seen to occur for values of 
(d/X)(e/€o)^ less than 0.5. If a thin wall is structurally permissible, a thickness 
which is the best compromise between strength and transmission requirements is 
chosen. 

The effect on the antenna gain may be approximately computed as follows. If 
Pb and Po are the power radiated per unit solid angle with and without the radome. 



Fig. 32-16. Maximum permissible thickness as a function of inoidence angle and dielectric 
constant for: 

-95 per cent power transmission. 

-90 per cent power transmission. 
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whi.n |,|. iH the power transmission ooeLT.n+TAv, . 

normal-incidence radome, phaae errora anJ » ^eH-designcJ 

wuith and the direction of peak power are <r ® accompanying changes in beam- 
mcmasc slightly and more so for low ^ negligible. Side-lobe level may 

low side-lobe antennas. The normal-incidemi 




l-'io. 32-17. Normal-incidence radomes. 



Fill. JiU tM, 'rrntiHiniHHion Iohh of a lossy shoot of half-wavelength thickness. 


rrttlottir introiluiM^M rodorlion into tho r-f lino and effectively modifies the antenna 
itniH'diitin*. 'riit* hitter is virtually absent in streamlined radomes. The 

ndli'i tion into tho lino in proportional to tho amplitude reflection coefficient of the 
I afi«»tnr M all. Kor n dinh ant.<^nna in a cylindrical radome, the line reflection is given by 


PL 


7\p\ VXp 

19a 


(32-16) 


uhi'ti' lul iitiipliltHh* ridh'ction cooflficiont of radome wall, assumed to be a plane 
sImi'I at noriuul incidcnco 
K - fri*o-spare wavelength 
p radiuH of <'ylindrical radome 
a * radiuH of antenna ai><*rturo 

^ " angle lH*tw(MUi axia of antenna and a plane transverse to cylinder 
^ haif-jHiwer wiilth of antenna beam 
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Equation (32-16) is valid for small ^ provided the aperture center coincides with the 
cylinder center and \/^ is less than a. 

A step-by-step method of normal-incidence radome design is given in Ref. 22, pp. 
638 and 639. 

Design of Streamlined Radomes. In a streamlined radome the variation of inci¬ 
dence angle and polarization angle among the various rays in the beam causes pattern 
distortion of all types: beam widening, loss of gain, peak power directional shift, etc. 



Fig. 32-19. Transmission of a plane lossy sheet. The dielectric constant is 4€o. 

If the antenna scans, pattern distortion is a function of the scan position. Crossover 
shift is introduced into conical scanning and mono pulse systems. All antenna 
systems in which beam directional accuracy of the order of a fraction of a degree is 
required can expect appreciable radome errors. 

The pattern distortion to be expected from a proposed radome design can he 
predicted with the aid of an incidence-angle study. For a representative set of 
positions of the antenna, rays are drawn from the antenna to the interior of the 
radome wall following the paths of energy propagation. The effect of the radome is 
represented by the local transmission coefficient. The local transmission coefficient 
is the plane-sheet complex transmission coefficient for a wall of the same cross section 
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(i.e., values of dielectric constant and thickness) as the radonie wall with the incidence 
angle taken equal to the angle between the rajr at the point of contact with the wall 
and the normal to the wall at this point. 

If Fraunhofer diffraction is not important, the far-liold pattern as distorted by the 
radonae is obtained from 

(32-17) 

In this formula is the far-field pattern of the antenna in direction 

the direction of the ray leaving the antenna, and r(e'y) is the local transmission 
coefficient associated with this ray. Fraunhofer diffraction may be neglected if the 
antenna does not have a pencil beam and if tho radouic is smooth and does not have 
ribbing, a sharp nose, or other diffracting features. If refraction may be neglected, 


POWER IN THIS CONE OF 
RAYS IS THAT OF ANTENNA 



Fm, il2-20. Paths of rays for a ohc** antenna. 


as is usually the ciwo, the directions {9,<p) and e.()inci<io. Figure 32-20 illus¬ 

trates tho procoduro with u <•K<^* antenna. 

If wo are dealing with a peiKdl-bearn nntemnn, th(^ prediction of piitU^rn distortion 
by radoinos has Mweral new foatures. In this chhc ^ tlio rays im cxUuuUhI to a plane 
just exterior to the radorne and paralkd to the aporiuri^. 'riu- iuKwe^etion of tho 
beam of rays with this plane <letorniincs a new (^ffi^clivo npijrture. Tli<^ Hold values 
in this aperture are thoae asHociaicMl with the ruys. i)hnHc>i inuHt tak<^ due ac^c.oiint 
of tho ray path length and the pluiHC delay of t.raiiHiniHHioii ilimugh tlic^ ra<l<)ine. 
lX5t Mx,y) be the principal eoinpoaeiit of the hJ field in the aperturo of tin's antenna. 
Tho antenna axis i» asHunKHl to coinciide with i\w z axis, ho Ihiil. all niyw an* iiiitially 
parallel to the 2 axis. Lot |r(f^)| be the amplitude of tin's local truriHiniHsioiictocfificieiit, 
with e the angle of ineid<»nee of that ray paHsing through the point (jr,y) (Fig, ;i2-21). 

Apart from a ronstant-phahM* factor, which in oinitt€‘d, sinci* it. docs not alTiM'.t the 
pattern, the fudd in the* <*ffcctive aperture is giv’’<*n by 

/ofx,//)|r(»)|c 

whor.. ♦ iH th(> iiiM‘rt jiliHw UN hy I'k,. (:t2-l 1). 'I’hc fiir-l'iolil pnt.ti.rH wUli t,h« 

ra<loine in place is then obtaiiU'd by the iikuuI Fourier transform (so** I'kiH. (0-1 (Hand 
(0-9) in H(*f. 221. 

/'(e.r) ■' (*'|^) ^ I Jj • VI rfr dy |’ (32-10) 

where A:, «■ A* Hin 9 <*()h v * 
ky » k Hiri $ Hin v* 

aiul the integrat ion is performed over the effertive apc*rture.^ 

* Here, 0 and ^are spherical eofjpdinatcH with the polar nxin coincident with the -f-s axis. 
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The presence of ribs or a sharp-pointed nose may be taken into account by this 
method by using the appropriate local transmission coeflBcient. Because of the ray- 
optics assumptions, formulas (32-18) and (32-19) can be considered only semi-quanti- 
tative in general and only qualitative if the aperture has a diameter less than five 
wave-lengths or if diffraction effects are very severe. 



Fig. 32-21. Ray tracing of a pencil-beam antenna through a radome to determine radome 
pattern distortion. 

If polarization effects are to be considered, the above procedure must be modified. 
If/o(»,2/) represents the main polarization component of a linearly polarized antenna, 
then \r(e)\ in Eq. (32-18) must be replaced by 

|r'(d)l = 11 tj_|2 sin^ a -|- 1t|i|* cos^ a + 2\r±r\\ \ sin* a cos* a cos 5]^ (32-20) 

and $ in Eq. (32-18) must be replaced by 

^ , /tII cos* a sin 6\ 

$ - *j. - sin-* -) (32-21) 

where a =* polarizing angle 

S «* Ztj. — ^r\\ = difference in transmission phase between polarizations 
|t_l| and |t||| =• perpendicular and parallel amplitude transmission coefficients, respec¬ 
tively, at incidence angle 6 

Pattern distortion analyses based on the above formulas may be very complicated, 
especially if the analysis is three-dimensional or includes refraction errors, cross¬ 
polarization effects, or other refinements. If such a complete analysis is not war¬ 
ranted but some estimate of pattern distortion is required, ray diagrams may be made 
for one or two positions of the antenna, in which the worst pattern distortion by the 
radome is expected. For this purpose one or more two-dimensional analyses may be 
sufficient. In a streamlined radome which does not possess even an approximate 
symmetry axis, elevation and plan views may be required and incidence and polarizing 
angles for skew rays may have to be estimated numerically or from a three-dimen¬ 
sional model. 

From these formulas it follows that if the amplitude transmission coefficients and 
insert phase are as independent of incidence angle and polarization as possible over 
the ranges of these angles which are encountered, the antenna pattern will be as little 
distorted as possible. In addition, if the amplitude transmission coefficient is as 
large as possible, loss of gain will be minimized. With a linearly polarized antenna, 
whose polarization direction is independent of scan, the polarizing angle will often 
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vary fnmi 0 to 90® so «+ . o4-^l 

.licular or pure parallel PolarLt“n situationa of pure perpen- 

radoniCH, the incidence angle often varies from (Tto “o<ie»tely streamlined 

radoines, incidence angles up to 90* are encountereH *“8***y streamlined 

may or may not be encountered in the Lme near-normal incidence 

are more often due to the proximity of the wall to the eH grazing angles 

extmme fmcncss ratios (Pig. 32-22). antenna rather th.n 

Kwm curves of the transmission anH r.i><.=» 

.UoWtrie constants, wall thicknesses, and otherr^^om^^a'^^ttrl" 


(a) 







© E 


VERTICAL PLANE 
DISH LOOKING DOWN 
PURE PERPENDICULAR POLARIZATION 
oc » 90® 



(b) 


HORIZONTAL PLANE 
DISH LOOKING TO SIDE 
PURE PARALLEL POLARIZATION 
OC s 0® 


- n2*2L», iu) ()<TUrnMUTO of graziiiK incidence in conical radome with 30® vertex angle. 
inir»trivt«m Uu* oxtr«'»ue polarizing angles which are often encountered in one radome. 


rniiHfnp’tion to omploy to iniiiiiuize pattern distortion or loss of gain can be deter- 
iitinril, I*t»r a half-wavt^ wall, a high relative dielectric constant in the neighborhood 
of i\ Ui 9 \H generally <U»Hirablc. The upper limit is fixed by material tolerances, band¬ 
width, and thf* of available high-dielectric materials. An optimum thickness 

to tfdtdmi/j* the tranHiniHHion Iohh and variation of phase as well as the effect of 
tfdafaiuTji can aim) Im' d(*t(Tiiiinod from these graphs. 

Rofraetion. Tlu* dinM^tions and of the rays before and after passing 

tlimtigh the mtloiiK* will not b(^ coincident if refraction takes place. This effect can 
orriir I’ither herauMc of curvature of the wall or because of the presence of a taper 
or gradual tliiekncHH variation in the wall. 

T*h«* uirififutt and refrach^d rays will not generally be coplanar. However, for 
rnyH in the hon'-Hight plane* of an axially symmetric radome, the angular deviation 
due to etirvaiure of the wall can be determined from 


® I HPO * - - sin* «) radians (32-22) 


when* d wall thiekn<‘HH 

r ■ radiuH of curvature* of wall 
a - incieleneM* angle* (ineewured from normal) 

#/#„ relatives tlie»l(*etri(i (U)nHtaiit 

Thif* fttnimla iipplics if d/r « 1 and $ < 80°. Refraction due to curvature always 
eauHt*M a ray whii’h ia initially on the concave side to deflect toward the surface normal 
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on passing through the radome, and thus tends to produce a divergent error in beam 
direction with axially symmetric radomes. For walls which are a half wavelength 
thick at angle 6, the deviation Bo can be read from Pig. 32-23a. The angular devia¬ 
tion or refraction due to a variation in thickness is given by 

5 i = ”” ^ (32-23) 

where y is the average taper, in the same units as 5i. 

Tapers of the order of 1 to 5 angular mils are often introduced into radome walls 
to correct for radome error. Equation (32-23) will give a rough estimate of the 



Fig. 32-23. (a) Refraction Bo for half-wave radomes due to radius of curvature r/X in wave¬ 
lengths. (h) refraction Bi due to taper y in radome wall. 

effect of such a taper if 5 1 is interpreted directly as the change in error due to the 
taper (Fig. 32-236). 

Radome Losses. A usable radome material generally has a loss tangent under 
0.016. Such a material is said to he low-loss. When the loss tangent is 0.015 in a 
half-wave wall, the power-transmission loss ranges from 4 to 7.6 per cent, correspond¬ 
ing to dielectric constants from «o to lOeo. For a thin-wall low-loss radome, trans¬ 
mission loss due to absorption is negligible. The effect of loss on insort-phaso varia¬ 
tion or on the amplitude reflection coefficient is also negligible both for thin and 
half-wave walls for values of «less than lOe©. 

Loss is the chief limiting factor in the use of very high dielectric materials because 
of the reduction of transmission. At normal incidence for dielectric constants of 
6eo and above, power transmission for a low-loss wall is approximately 

|r|» = 1 - 1.5 AP tan S (32-24) 

^ €0 

The XTse of Small Radomes for Matching Feed Homs. It is often desired to 
pressurize, or at least weatherproof, a feed horn with a small radome, which may also 
be used for matching. The radome is generally cylindrical, with its axis approxi- 





sandwich RADOMES 


mately in the aperture plane and is f ‘ a • 32-23 

An external inclosure of this flange just behind the 

I he UuckncHs d of the radome wall is chosertn 1T “»<«l«-ranr*.. 

«irnt e<,ual to that of the measured refit tten coTf?® t 

the Hp,w,ug X between the aperture and t1^ r^®“ •“ «nnmtehed a, 

eomidote the match. If r - Irle^-^r Iv! mner surface is then eho.s,.n to 

of the horn referred to the aperture plane «>flt‘ftioii 

of the rmlotne, we have the following'^rndittns for a'matVh: 


|p| = |r| 


(2m + I), 


» I. „ in,.,.. K.„ E,,. < 3 «, „d 83 ^, 

d = _?ll£!_ 

"■[(e/eo) — 1](I — |r|*)14 (:J2-25 i 

'Hie apaeiiig x follows from Eqs. (32-8) and (32-11): 

' •' .,\{ - 0^^)] - .r + (3« + ■).} ,33-3«i 

Iti-enUKe the plane-sheet, plane-wave theory used to derive Eqs (32-25) and f32-2fil 

th .k« s« and spaeutg for an optimum match. The experimental optimum *“ 

Hn nil ' i*'“‘ ^’■0“ (32-26). When the feed mismatch is 

I * !'• f'hc thickness do calculated from Eq. (32-25) may 

Is imprtudiea ly small. In these eases, a thickness do + X/(2 V^o) may be used 
without affecting x or the match. » -r / >. v «/«oJ may oe usea 

l*lextglBS, jKiIyHtyn'ne, Teflon, or Rexolite may be used for wavelengths above 
. fin. I ,.>) (Ill (.orning 707 glass has been used for fiat pressurizing enclosures 
t neceHsilntes building the feed of metals with low coefficients of expansion such as 
InvHf mid ( tivtir. oindoHuroH aro scaled by means of 

{(laMN by ]>latitU2i5in)]|| or bonding metal to the edges and ^ 

/ y 

^ e = peo ^ 

Sa.S. SANDWICH RADOMES _ x_ 

If a hidf^wtivt* wall of a Hiiitable dielectric material is too 

hi'fivy and if thi* thin wall ia Htructurally unsatisfactory, a _d— 

thrirdnyrriMi aiuidwhdi coiiHtruetion is employed. In the / ^ 

(trthfinry, nr A, nandwicdi (Fig. 112-24), the outer layers, or / ^ 

Mknin, an* thin rornpansl with a wav(dongth with dielectric ^ -- 'y 

»'»»nr»tHnt at Knit Ifn, and th(» ini<ldlc layer, or core, is a low 32-24. Ordinary- 

di.4.Hri. rabniH 1.2,,,). sandwich wall. 

If li»MK \n tif*gh*(*tr(l, th<* (^oznph^x reflection and transmission coeflBcients for such a 
7*tnirtwre may !«• d(derrnin(‘<l from the following formulas: 


Fig. 32-24. Ordinarj' 
sandwich wall. 


PI - P 2 e xp ljUpi + ^P 2 — 

^ “ . " 1 - p2»e-*^'^ 

PipaO — 

^ I “ p2*C*"**^ 


(32-27) 


(32-28) 
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where X is 2ir times the electrical thickness of the core. 

X 


(p - sin» 9)W 


(32-29) 


where jS relative dielectric constant of core 

a;/X core thickness/wavelength 

e = incidence angle (measured from normal) 
and where pi and p% are the so-called left and right skin reflection coefficients (Fig. 

32-25) defined by 

_ 

“ 1 -f rir2e-“»> 

r2 -1- 

P2 



(:i2-3()) 


1 rir2C"*J’^ 

^ is 27 r times the electrical thickness of the skin: 

(32-31) 


(a — sin* d)y^ 

A 


Fig. 32-25. The skin-reflection 
coefficients. 


where « = relative dielectric constant of skin 
ri and n = Fresnel interface reflection coefficients 
for an (a: 1) interface and a (i8:a) inter¬ 
face, respectively 


These are given by 


ri 


(32-32) 


- 1 ^ Vi^ - \/a, 

*v/ai + 1 \/^ 

where a$ and /3« are the equivalent relative dielectric constants of the skin and cor<^ 
respectively, at incidence angle 0. These are given by 
(a — sin* 6 


/3. 


cos* 0 

g* COS* 6 
a — sin* 0 
— sin* 6 
cos* 0 
ff* cos* e 


(perpendicular polarization) 
(parallel polarization) 
(perpendicular polarization) 
(parallel polarization) 


(32-33) 


V jS — sin* 0 

and j3 is the relative dielectric constant of the core. 

The value of d, to be used in Eq, (32-31), is the effective skin thickness, which may 
be larger than the actual thickness if an adhesive layer bonding skin to core is prcscuit. 
The power reflection and transmission coefficients are 


I ,, __ 4|pi|*sin* (i^:p 2 - X) _ 

“ (1 - + 4|p,l»sm» Upt - X) 

|,|._(1Hp!1!)‘ 


where 


IpiI* 


(1 - |pi|*)* H-4lpil*sin* (ZP 2 -X) 

I ,, _ — 1)” — (qb — 1)0< - (Xe) sin* y 


(32-34) 


(32-35) 


-f“ 1)* — (Ofl — 1) Oa - Ofa) sin* <p 
Reflection will be absent if — X is a multiple of ir or if the core thickness satisfies 


2ir(fi — sin* ^)W 




2(a, — 1) sin 2y 


aa)(l -j-Oa) + (a« ■ 




l)(j9fl H-ae) cos2<pJ 

(32-36) 

where n is any integer such that x is positive. The particular angle 6 at which Eq. 
(32-36) holds is called the core design angle. The least value of x satisfying Eq. 
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(32-36) is the first-order spacing. Reflection will also be zero if |/>i| is zero. The 
latter can occur only if (1), /3. = 1 and is a multiple of t or (2), and ^ is an 

odd multiple of t/2. These conditions can hold only for a particular value of the 
skin-design angle. The former corresponds to a core of free space and skins which 
arc half-wave walls (or multiples thereof) and is called “double wall.” The latter 
is known as the B sandwich; the skins are electrically a quarter wavelength thick, 
and the equivalent skin dielectric constant is the geometric mean between that of 
the core and free space. The B sandwich is the microwave analogue of matching 


DATA: 

SKIN DIELECTRIC CONSTANT 460 

CORE DIELECTRIC CONSTANT 1.260 

SKIN THICKNESS .020IN 

CORE THICKNESS .651 IN ’ 

SKIN LOSS TANGENT .02 

CORE LOSS TANGENT .005 

DESIGN ANGLE 70® 

WAVELENGTH 3.2 CM 



lij 

UJ 

IT 

a 

LJ 

120 ? 


80 . 
oc 

IlI 

40 S> 
z 


coaiinKH uhcmI in optical IcnwH. (IhscTwr that, at the skin design angk^ t.lie ndk^etion 
is zen) indcpciKlerit of vorr thiekru'SH for tlu^ <louble wall or B Handwioh. Tho skin 
design angle tliuH <r(>rreHiM)n(lH to BrovvHtc'r’H angle. 

San<lwieheH for th<^ lO-eni hand can ho made with akiiiH that ivre oloc! trie ally thin 
e()inpar(*(l with tho wavelength. Siudi KniidwielH's have good inoc.hanicnl proportios 
and are low-n-j floe ting for a wi<l(‘ range of ineidenee angh^s at either poUirizntion. 
In the 3-cin hand the skinH that are ro(|uir<ul for in<‘(‘hani(Mil nMiHonK ari^ thieker 
(de<d.rieally. Only the firni-onler spacing can he uatul for low redeetion. In tho 
1-ein band it is often Htriudurully nei'OHHary to abaiulon the thin skiiiH in favor of a 
half-wavelength skin eoiwtruotion. Kor a thin-HkinxuMl saiulwieh, the Hkins arc* 
choHon as thin as ni<*ehiinieally feaKiblo for good electrhial porfortnanee. ThiH is 
espoeitilly inqwrtant for a high eon* deHigii angle, as Kigs. 32-26 arid 32-27 illuHirate. 

For customary design valuen, n-ifleetion at periamdicular iM)larizati<)n for<Mth<^r the 
A or B sandwich gc,morally (exceeds that at jmralhd polarization so that if both polarijsa- 
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DATA; 


SAME AS FIG. 32-26 EXCEPT 
SKIN THICKNESS .040IN. 
CORE THICKNESS .444 IN. 



Fig. 82-27. A-sandwich design curves. 

tions are to be encountered in a streamlined radome, the radome is often designed 
for the perpendicular polarization component. 

The relative skin dielectric constant is chosen at a moderate value in the range 
a =* 4, corresponding to a suitable material. High values are undesirable. The 
relative core dielectric constant should be kept low, although this is not critical. 
For example, if a = 4 and the design angle is 50®, then power transmission and total 
insert phase variation for various values of /8 are given in Table 32-2. The design 
angle is chosen to maximize transmission and (if pattern distortion by the radome is 


Table 32-2 



Polarization 

O 

o 

e - 60° 


-L 

11 


11 

Per cent power 
transmission 

/3 = 1.2 
/3 » 1.4 

i8 * 1.6 

91 

91 

91 

91 

91 

91 

91 

91 

90 

96 

94 

94 

Design angle 50*° 

. . i 0.005 (core) 

“ 1 0.020 Uiii). 

Skin thickness “ .030 in. 
X » 3 .2 cm 


Polarization 


11 

Total insert phase 
variation in 
range 0-00°, 
degrees 

/3 = 1.2 
(J = 1.4 
|3 - 1.6 

20 

23 

25 

6 

10 

16 
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d =.030 IN. 
X =3.2CIV! 



INCIDENCE ANGLE 



INCIDENCE ANGLE 

Kkj. A-Hiindwirli curvoH, 


important) to iniuinuz(‘ inwrt variation ovo-r tlu‘ rntino of inridouH* Jiiul polari/i- 

inp; hukIoh (mroiintnml in tlu* radonko. Thin inforniation mtiy Im ohtainnd from plolH 
Hindi an thoHo of imd H2-2t). 

If tlio onliiinry Haiidwitdi ia iinHatiwraotory IxuinuM^ of iiiHuflioioiit ntrongth, a fivo- 
layorod conatruidion oallod tho <loul)lo, or (3, Htin<lwioh may Ixi uaod: thiii ooiiHiata of 
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DATA: 

(1 = 4 

P ° 1.2 

TANS=f°20-S'<IN 
‘ l,005.CORE 
d = .030 IN. 

X = 3.2CM 



two identical A sandwiches back to back. The complex reflection and transmission 
coe indents of th© C s&ndwich are given by* 

(32-37) 

(32-38) 
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where p and r are the reflection and transmission cooflaoients of either of the A sand¬ 
wiches. 


32.4. RADOME MATERIALS 


Most «>lid-wall, riRid radomcs and radome sandwich skins aro made of a plastic 
b^e with glass fillers as a minforciiig agent, 'fhc glass fibers give excellent strength, 
stiffness, low moisture absorption, and satisfactory electrical properties. The 
individual glass filaments are about 0.00025 in. in diameter and yield very high tensile 
strengths. The filaments are gathered into twisted strands which ate either used in 
short lengths or woven into a glassidoth fabric. Btareli and oil lubricants used in 
the hiwidling and weaving of the glass are replaced by moistnm-ropcllant compounds 
m a fmisliing process which ensures good adhesbn of the plastic and moisture resist- 
ance of the imiBhod nwloiiK*. 

Tlic basic pl^tie materials arc polyester and iiheiiolic resins. The polyesters are 
thick liquids which harden (i.e., polymerize, or cure) with little or no pressure on the 
apphcation of catalysts and heat (generally around 240*F, althouRh curing at room 
temperature is iiOMiblc). The plieiiolio.a arc solids at room temperataro and usually 
require considerably more pressure and heat for curinR. Tlioy arc dissolved in a 
solvent which is later removed from the fabric l>y drying. The phcnolics can with¬ 
stand higher temperatures, but the polyosUirs arc lietter electrically, more easily 
fabncatoil, and lows brittlo. 

A common teehtiiquc for manufacturing solid-wall riwlorncs or radome sandwich 
skins out of polyester resin and glass-fiber cloth is «s follows. A precision machined 
mandrel of the proper shape is eovered with a sheet of cellophane or silicone grease to 
act as a parting medium. The fabric is dipped in resin with catalyst added in prtiout 
pioecs that will fit the mandrel shaiio (if this is highly eu rved). The excess rosin and 
trapped air are squared out by hand. When mi fficient thickness has been attiunod. 
a socoiul sheet of eelloiihane is plaood over the lanii natc, and the man tlnd witli laminate 
IS placed m a rublier bag which isevmuiateri. Heat is applied in an ovoii or autoelnvo. 
After eiirmg, if the wall is thick, machining with a lathe its generally required to obtain 
the corn‘ct thiokiK'HH. 


Thin Kround-baHed ra<lc)in(»H are wiade from ones- or two-ply cloth, 

nylon, daenjn, or fort man rayon, with a imoprono orhypolon ooiitinR of about 10 inilH 
for w<»alh(*rinK tlui provcnilion of wator abHorption. IinproKnation with poly- 
(‘thylono lum alw) h«»oii nned for tiiin purpowt, 

Tlu^ oonm of c)r<linary HarnlwirhoH aro Rcwrully made of fotirruMl phttttic or a glaHH- 
fabric lionoycoiiib coiiHt rue lion. In n ‘^foainc<l-iii-pla<!o” nulouio, the inne^r and 
outor Hknm aro laid up and curoil on nuiU» and fomith* tnoIdH iu tho nianiK^r of t.hiiw 
wall ra<l()moH. 'riio two rnoldw an^ poHilionod ho that tho (uivity hoUwii Hkiim 
reproHontH Iho doHirod core dimiMiHiotiH (1% a2.;?()). A foaniiiiR niixtur(‘ iimdo of 
an alkyd nmin and un iHo<'yniial<’ w pound into tluMuivlty. Tlio foaming takoH place? 
either witli tlie applicntkm nf bent (I'.g.. Hteaiii) nr iit mmii feiniu^raturo with an 
exothermle reiwUKiii. In tlw latler eiise, a |KiHteure nt S'levated UunperntuK's is 
required. If ti lioueyeemli core is us<>«l, tlie priifedurc is inoilifieil. T'lic outer skin 
IH fahneated as previously. Us inner surfac!!' in then niuglieiw'd, nnd a single-iily 
glass fabric w««t with resin is apiilied. I'hn hmieyc^oinl) enre, wliiidi is supplierl in 
large blocks,^ Ixis been previously sliced inlo slriiw of perli«i« -1 by IH in., of tlu^ prornr 
thiekiiew. ^ The pieces im* tlieii Inid in place om* by one ngainsltlie wet. ply. 'I'lie 
inner skin is then Iniilt upon the homyeoiiih, ply by ply, t,hi> vaeuuinliag iwli'led, and 
neat curing aiiplied. 

Table gives the dieleetrie eonstnnt and Iuhh Uingimt of a mimlrerof inaterinlH 
m the microwave region which have Imsui umul for radnnieH. All are low-bss mid. 
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MALE M0LD-\ UMIT OF fOAM 


HEIGHT OF 
FOAMING MIX 
BEFORE 
FOAMING 


INNER SKI 



FEMALE MOLD 
OUTER SKIN 
CORE 


Fig. 32-30. Foamed-in-plaoe radome oonstructiou. 

except for the have relative dielectric constants close to 3. Fibcrglas cloth and 
resin laminates have dielectric constants between the extremes of the constituents, gen¬ 
erally yielding a value about. = 4«o. Data for laminates are quite variable, depend¬ 
ing on the method of fabrication and the resin used. Commercial resins do not meet 
precision electrical specifications. If much air is trapped in the lay-up, the diolectne 
constant may be considerably reduced. 

Table 32-8. Dielectric Constants and Loss Tangents of Radome Materials 


Material 

Relative dielectric 

constant, — 
eo 

tan 8 (approx.) 


2.66 


m o+.Vi fl.n.rv1 A.t.O.. . • . 

2.66 

0.01 

IXJlISliUljr Jl llXOULlOWil Jr e 

‘DaIvv O R rli/tVklrkmaf.VTATI a .. . 

2.67 

0.0003 

O VPWjr 

'DoL'aIUa 'RPn 1AA31 . 

2.09 

0.019 

XS&ikCJLluw JDX\0 vaou# .. 

2.87 

0.010 

.... 

3.06 

0.020 

CflftSfi .. 

6.24 

0.007 

j^iopcip.. • 

"P ATI IIP nlit.fi 01131 ... 

3.86 

0.10-0.16 





The dielectric constant of a mixture of two materials is given empirically by 

l = ('!2y('ftY (32-39) 

60 \60/ \«0/ 

where o and 6 are the volume fractions of the two components, and e./oo and oo/eo are 
their respective dielectric constants. Higher dielectric constants may bo obtained, 
according to this rule, by loading the resin to be used with titanium dioxide or barium 
and strontium titanate mixtures. The relative dielectric constants of some of these 
titanates are up in the hundreds or thousands, but these values generally drop rapidly, 
with in nrABaing frequency in the microwave region accompanied by a rapid rise in 

loss tangent." . .... 

The low dielectric constants of foams come from the inoorimration of air into a 

plastic base. The dielectric constant of a foam is given by 

log-i = -^log^^ 
eo po €0 


(32-40) 
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where p *= density of foam 

po = density of solid, unexpanded plastic with dielectric constant e®/€o 
A 6 lb /cu ft polystyrene foam has a modulus of rupture of about 200 psi, a Young's 
modulus of about 10,000 psi, and a dielectric constant of l.lco. Low-loss foams of 
dielectric constants and densities in the range 2^0 to Seo and 10 to 20 lb/cu ft have been 
made by loading resin with metallic particles of an appropriate size. Walls which 
are mechanically sandwiches with foam cores can be made of a uniform dielectric 
constant and half-wavelength electrical construction by this means with a con¬ 
siderable weight saving. For operating tem¬ 
peratures above about 500®F, organic resins 
arc not suitable. For these extremely high 
temperatures molded glass, Pyroceram, or 
ceramics have been used. 

Mechanical Properties. The two principal 
mechanic^al radome requirements are strength 
and stiffness. They may both bo determined 


W2 


W/2 



Fiu. 32-31. Simple bending test. 


from a simple bending tost made on a flat panel of the radome wall material. 

Single Walls. If Wm is the load per unit transverse direction that just causes 
failure of the test sample in Fig. 32-31, then the modulus of rupture /r is given by 




(32-41) 


where d — sample thickness 

C ■■ separation of supports 

The modulus of rupture (or flexural strength) approximately equals the lesser of the 
maximum tensile stress and the maximum compressive stix^ss that the material can 
withstand. If (/d exceeds 10, the error in Kq. (32-41) due to the presence of shearing 
force’s is generally negligible. The flexural strength of the panel itself is given by the 
maximum bending moment A/m the panel can withstand. 


A/m 


Wfm/ 

4 ^ 


(32-42) 


If W is the load per unit iransverse direction aiul if \V is suflicMC’inily less than Wm 
so that the v(»rtieal deflection d of the panel is proportional to \\\ then Young's 
modulus is given by 


K 


W(^ 


(32-43) 


and is a measun* of th(‘ 
given by 


HtifTness of tin* material. 


E! 




The flexural Htiffiu'SH of the panel is 

(32-44) 


where / “> d^/V2 is the iionnalizeil moment of inertia al)o\it the neutral axis. 

For glass eloth aiul polyeshT resin laminates (»f the type diseussecl above. Young's 
inoduluH ranges between 1.3 and 2,0 million psi at room tempcTuture, and the modulus 
of rupture ranges Ixdwecm 25,()()() and 80,000 psi. 'Fhc^ variation is (hm to orientation 
of the fibers and methods of fabrication, inclmling luMit tn'alment, miinlu^r of plies, 
thickness of emdi ply, and resin eontent. Both th(* strcuigth and stifTness are somtv- 
what less in din'ctions whi(!h ar<^ 45° to the strand orient ation ratluT than parallel 
to the warp or filling. For a stamlard |K>ly<»HU»r resin, th<* modulus of rupture drops 
rapidly, with rising t(‘mp(‘rntunts nuiehirig 2,000 psi at 5lK)'’h\ ^'h<^ drop over the 

same hunperatline range is 1<‘ks for Iw^at-resistant polyc^st^er or silicone resins; a special 
heat-resistant phenolic resin maintains a inodtilus of rui)tum of 25,000 psi at 5()0®F. 
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Sandwiches. For low-density core sandwiches, most of the strength comes from 
the aTHtia even if these are thin. In this case the flexural strength in bending is given 
by 

1. - ^ <»«') 

where Wn and ^ = as defined in Eq. (32-41) 
d « thickness of one skin 
X = thickness of core 

Eq. (32-45) holds only if ^is above a critical length 4, so that shear may be neglected. 
Below tc, Wm is independent of 4, and failure is due to shear in the core. If Tcm is the 
value of the shearing stress in the core at which failure occurs, then 


1‘em 


Wm — 2Tad 

X 


(32-46) 


where t, is the average shear stress in the skins. Eq. (32-46) holds if ( is below 4. 
If the Tna-viTYinTn dimension of a radome is below 


® 2T*d + TemX 


(32-47) 


failure will generally occur because of shear in the core. Above Ca failure generally 
results from longitudinal stresses in the skins. 

In the determination of the apparent stiffness of a low-density, thin-skin sandwich, 
deflection due to shear can no longer generally be neglected. The ratio of deflection d 
to load per unit transverse direction is given by 


5 5 ^ 

W “ 24J&^*d SEcX 


(32-48) 


where the first term is due to the bending moment and the second is due to shear. 
If B/W4 is plotted versus ^ the extrapolated value of 5 /W^ w hen (is zero is 5/SxEe. 
This determines Ee. When 4 is large compared with \/150xd, the second term may 
be neglected and Et is given by 


E, 


245a;*d 


(32-40) 


The apparent flexural stiffness of the sandwich is given by 


485 


(32-50) 


and may vary over wide limits, depending on the details of fabrication. 

Edgewise compression and normal tension tests are also used for evaluation of the 
sandwich, particularly the skin-core bond. The compressive strength of the skin 
determined by the former test is generally 25 to 40 per cent lower than that deter¬ 
mined from the flexure test. 

Table 32-4 may be considered representative mechanicial data for an ordinary 
sandwich designed for high transmission at perpendicular polarization over the range 
of incidence angles of 0 to 70® at a wavelength of 3.2 cm and a half-wave radoinc 
designed for the same conditions. 
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Table 32-4 



Sandwich 

Half-wave 

radome 

Skin thickiicsB, d . 

0.030 in. 

0.363 in. 

3.7 

Skin dielectric eonutant, a . 

f3.7 U.l 

10.386 in. 10.360 in. 

1.4 

Core thickness, x . 

Core dielectric constant, jS. 


Flexural strength. Mm . 

200-350 lb 

6,000-8,000 lb in. 

2.6-3.2 X 108 psi 

1.5-2.6 X 10^ psi 

1.1 psf 

780 lb 

8,000 lb in. 

Flexural stifFnesH, El . 

Computed Young’s modulus of skin, E, . 

Computed Young’s modulus of <*oro, E, . 


Average weight per unit area. 

3.3 psf 



Radome Testing. It is important to test the dielectric constant of the wall 
matorial employed in the radome. This is particularly true in the usual resin and 
glass laminate solid wall and low-dcnsity-coro sandwich constructions because the 
dielectric constant, and hence the radome performance, depend upon the details of 



the fahruMition pnxreHH uh w(dl as Ute proportion of ingr(MlientH. This test may be 
made in wavc^guide by reHonantH'.uvity, Hhort-<’ireuit.(Ml line, refbudion, or transmisHion 
mothods HH (hw.ribed in U(*f. 25. 

A free-Hpace nu^tuiurenuMit is also <u)nunonly used. If D\ is th(^ Heparntion of the 
horn aperture in Fig. 32-:i2 for a null Heading without tint panel and 1)^ is the same 
(luantity when the panel in present, the meumire<i inw^rt phase is giv(‘n hy 

X 


(22-61) 
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For incidence angles less than 30® it is necessary first to repeat the measurements 
with the panel , a distance X/4 closer to the transmitter and then to average the two 
values of obtained. This type of measurement yields an average value of the 
dielectric constant over a large panel area and introduces the extra parameters of 
incidence angle and polarization which may be used for chocking. If only a limited 
number of measurements are to be made, Eq. (32-11) may be solved for « from the 
measured value of ^ by a trial-and-error process, which is facilitated by the knowledge 
that $ is an increasing function of e. If many determinations are to be made, it is 
best to prepare graphs of ^ versus e (Eef. 26) for a direct reading of c as a function 
of 0 and the parameters d, X, and 0. 

The finished radome will require some electrical testing. A general rule is that 
whatever performance tests are required of the antenna should also be duplicated 
with the radome present, unless, as often happens in certain cases, the effect of the 
radome is safely known to be negligible. 

The following precautions should be noted. 

1. Antenna pattern measurements with radome present. The geometry of the 
antenna and radome should duplicate actual conditions. Other nearby parts of the 
installation such as aircraft fuselage or projecting gun barrels may also be simulated 
in the same test. If the antenna scans, a representative member of patterns should 
be taken for all positions of the antenna with respect to the radome and polarization 
orientations. For example, an airplane nose radome and a linearly polarized pencil- 
beam antenna may require pattern measurements at every 5 or 10® azimuth and 
elevation gimbal angle throughout the antenna’s scanning range. More patterns 
may be required in the immediate neighborhood of the nose if the radome is highly 
streamlined and incidence angles over 70® are encountered. 

2. VSWR measurements. These may ordinarily be omitted with streamlined 
radomes where the line reflection due to the radome is generally down 30 db or more. 
With normal-incidence radomes in a standing-wave determination, reflection from 
room objects must be avoided. Multiple reflections between antenna and radome 
may be averaged out of either the VSWR or the radome reflection-coefficient deter¬ 
mination by averaging values for a sequence of separations of antenna and radome. 
In principle, two separations differing by X/4 are suflftcient. 

3. Radome error. The error produced by the radome in the crossover-point direc¬ 
tion of a conical scanning or monopulse antenna may be tested on an antenixa pattern 
range which has facility for mounting and rotating the radome independently of the 
housed antenna. The radome error, which is the change of beam direction in space 
produced by the radome, and hence a vector quantity, is described by its bore-sight 
and cross-talk components. The former is the component in the plane of offset which 
contains the anteima and radome axes. The latter is the component in a plane 
perpendicular to the plane of offset. These angles are customarily measured as 
functions of scanning anteima azimuth angle over the complete range of azimuth 
angles and representative elevation angles, or alternatively in the case of a sym¬ 
metrical radome and linearly polarized antenna for a complete range of gimbal angles 
at various polarizing angles. 

If difficulty is encountered with the electrical performance of a radome, it may bo 
desirable to test small portions of the wall area at a time with small dipole or horn 
transmitting and receiving antennas, both located close to the radome wall. These 
are substituted for the full-size service antenna and a distant source. Such a measure¬ 
ment may be one of two types. If the energy traverses only the path in space between 
transmitter and receiver, the local power-transmission coefficient of the wall may be 
determined as the ratio of energy received with and without the radome present. 
If a microwave bridge and phase comparison device is used (as in the interferometer of 
Fig. 32-32), the insert phase may be read for a part of the radome wall with a pro- 
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cedure analogous to the dielectric-constant determination of a panel. These measure¬ 
ments serve to determine where the wall is electrically too thick or too thin. Small 
changes may then be made by hand-sanding of the radome wall where it is too thick 
or adding patches of plastic film with a thermosetting resin where it is too thin. By 
this method an electrically unsatisfactory radome may be brought up to par. 

Radome error curves are plots of bore-sight and cross-talk error vs. gimbal, azimuth, 
or elevation angle. Typically, the bore-sight error component is the greater and the 
bore-sight error curve has an absolute maximum near the zero gimbal angle in a 
streamlined nose radome. Several other maxima often occur, although it is rare that 
these should appear more closely spaced than 2° gimbal angle and on large radomes 
tend to disappear altogether. A typical maximum radome error in degrees is in the 
range of one to five times the ratio of the wavelength to the antenna aperture diameter. 
The more streamlined radomes approach the upper figure. 

Structural Tests. The strength and stiffness of the radome material may be 
determined from flexural tests as described previously. For tests of the completed 
radome, simple dead-weight loading in either the transverse or longitudinal direction 
will give an estimate of the deflection of the radome at the rated load, and the maxi¬ 
mum load before failure. The former gives an estimate of structural stability and the 
allowable clearance for the motion of the antenna. 

If an attempt is made to simulate operational loading conditions, both negative 
and positive pressures will be required. Loading pads and hydraulic jacks may be 
used. 

Other tests that may be required are water absorption under total immersion, 
surface hardness, and flammability. 

Aerodynamic Problems. Radomes for airplanes should be streamlined and fair 
smoothly into the vehicle surface with discontinuities in slope avoided whenever 
possible. Streamlining of the radome is very important at high speeds for reducing 
drag. The fineness ratio, which is the ratio of length to base diameter of a nose 
radome, is a measure of its streamlining. Fineness ratios as high as 3:1 may be 
required at supersonic speeds. The exact shape of a radome for a particular applica¬ 
tion is generally not critical either electrically or aorotlynamieally. For both pur¬ 
poses smoothness and smooth variation in curvature arc desirable. For radomes 
which are not located in the nose, reduction in drag of the radome is obtained by a 
reduction of its frontal area and by installation of the ant^uina if possible at a location 
where the air is alnuvdy turbulent, such as in the initldle or aft. A low-drag radome 
has lower pressure, and hence lower structural reejuirements, and thus may bo made 
better electrically. 

32.5. ABSORBING MATERIALS 

Absorbing materials for use in microwave meusunumuilH an^ e.omimuTially available 
in 2- to ‘l-Hci-ft. pi(MU*H ranging in tliickness from to S in. They are rate<l in decibels 
absorptiioii ndat.ive to total re(l(*ction at siaUxl fr<M|\u*n<d(^H, in(dd<uice angles, and 
polarization. Some of tlu^ thiniu^r material is fU^xil)!!^ ami e.an be cut and conformed 
to antenna mounts and supporting jigs. Th<^ rigid mat<‘rial may be V)onded to wood- 
frame supports to form a large continuous absorbing surface which, if properly placed, 
will reduc(^ specular ndU'ction whie.h interferes wit.h aiitcuuia impedance and pattern 
ineasurenuaiits in confuu^d indoor areas. If one room is to have continuous use for 
this purpose, it may he advantag<'ous to coinph*t<dy and permanently cover the walls, 
doors, <udlings, and in so far as i)ossi}>l<‘, measuring instruments. If such a free-space 
room is eontemplatcMl, ray <liagrams should l><^ skc*t<dn*d showing the energy paths 
in the room for th<‘ typical nu*asur<‘m(*nts which ar(» to he perforimul there. Lsti- 
inatos of the uhH()rption r('(iuir<‘(l to make satisfuetory mejisuronients i)ossihlc should 
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then be made. It may be found, for example, that immediately behind the test 
antenna 30 db absorption is required, with 20 db satisfactory elsewhere, or it may be 
found that the measurements contemplated are not feasible in a particularly small 
place with the absorbing material available. Rearrangement of the test equipment 
or test procedures may reduce the requirements. We may illustrate this procedure 
with the case of pattern measurements of directive antennas. The greatest error 
from wall reflection in this case occurs when the antenna whose pattern is being 
measured points at a spot on the wall midway between the receiving and transmitting 
antennas. The ratio of reflected to direct-path signal strength is 

where ri direct-path distance between antennas 

Ti « reflected path distance between antennas 
\R\ amplitude reflection coeflSicient of wall at angle of incidence of reflected 
path 

Otd, Objd *■ transmitter and receiver gains in direct-path direction 

Otb, Orb = transmitter and receiver gains in reflected-path direction 

If the two antennas have the same gain, the radical in Eq. (32-62) is unity. As an 

example in this case, if ri/f 2 = ^ and \R\ — 0.10, then 


Eb 

Ed 


= 0.05 


and the pattern could be in error by this angle. If this error is tolerable, 

then 20 db absorber is satisfactory for this application. If the probe antenna is 
less directive than the test anteima, then absorl^r with higher absorption rating is 
required. 

The absorber to be used should be judged on its reliability, wearing qualities, and 
absorption rating at the frequencies, incidence angles, and polarizations which are 
to be encountered. Some expensive free-space rooms have been built and found 
unsatisfactory because insufficient attention was paid to these factors. 

Absorbing materials are used in small pieces in waveguide attenuators and dummy 
loads and in some antenna feeds such as the Robinson scanner to replace part of the 
metal feed surface with an energy dissipating medium which reduces mismatch. 
Glass-fiber cloth impregnated with resin loaded with a lossy material such as con¬ 
ducting carbon black may be used. If thermal shock is not a problem. Polyiron has 
satisfactory absorption. A material made of 40 parts silicon carbide and 100 parts 
porcelain is electrically satisfactory and has an adequate resistance to thermal shock. 
Absorbers are also used as military camouflage and are sometimes employed behind 
or to the side of operational antennas for improved performance. 

The following classification is according to design principle. 

1. Salisbury screen. A thin screen of material (such as Uskon cloth or canvas 
impregnated with graphite) whose resistance J?o is 377 ohms per square if placed at a 
distance which is an odd multiple of Xo/4 (Xo = design wavelength) from a metal 
surface will produce total absorption at normal incidence. The power reflection 
coefficient |pp at other incidence angles 9, wavelengths X, and screen resistances 
for this type of absorber is obtained from the formula 

(1 -■«<•)« 

\p? - 

(1 + M)* + cot> 


(32-63) 




DIELECTRIC SPACERS 



CONDUCTING SHEETS 

Rurfucoi Rosistivities of ('onduoting Bhoots of M\iltlluyor Aboarhor 

Bheot nunibor (from front 
Burfaoci) 


Burfaoo roHiativity, ohiiia 

par a<|iiur<‘ 30.<)00 

Kquivnlant oonductunoo 
rolativo to dit'hHilric 
lino 0.011 

Klu. (loirntructioii of ahHorhing Hhoot ('.oiitaiiiing ootiduciiiiK layorH. 

that the HpiwiinK inatorial which inaintaiiiH the quarter-wavo H(q)arati(>n of motal and 
scroou haH a low dioktciric coiiHtant mich an provided by polyfoaiii or BpotiKO rubber 
(FiK. 

2. Tapered line, Ix)8Hy di(d(^ctrie niaterialH are built up to form a thick wall in 
such a way that th<i impedance varic*H slowly with reHp<ud to th<f long(^Ht operational 
wavcleiiKtli fn)m a value of z(to at the abHorber's ba(^k facM^ to tliat of free space at 
the front face. I'lu^ variation is often exponential and may b(» accomplished by a 
inultilay(‘r appn)ximation (Fig. JV2-34) or by indentationK (Fig, 32-3r)). 


2 

3 

4 

5 

0 

14,0(M) 

0,500 

3, OOO 

1 .400 

050 

0,024 

o.or>i 

0.110 

0.24 

0.51 
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3. Balanced m and €. If a material has both magnetic and dielectric losses and the 
additional property that e/eo and m/mo are approximately equal, the attenuation con¬ 
stant may be large and the wave impedance almost unity. When energy enters this 
material, absorption takes place continuously and without reflection at any point. 
Efforts to find such a material among the ferromagnetics have not produced com¬ 
mercially available absorbers as satisfactory as the preceding typos. ^ 

Frequency Dependence. Salisbury screens are totally absorbing at frequencies 
which are an odd multiple of the fundamental, but since they are also totally reflect¬ 
ing at the even harmonics, they are useless over a wideband. The theoretical full 

DIELECTRIC 

FILLER TO 
CT EXPOSED 


Fig. 32-35. Section of thick absorber with tapered « and fi achieved by conical or pyramidal 
Indentations in surface of lossy dielectric. 

bandwidth for 10 per cent reflected power at normal incidence is 74 per cent of the 
central frequency. 

Typical tapered-line absorbers are excellent throughout the upper microwave 
band (2,500 to 50,000 Me) with less than 1 per cent reflection in the incidence range 
0-60®. Performance at lower frequencies is limited only by thickness; the following 
figures may be considered representative: 


Thickness, 

in. 

Frequency (Me) below which more than 
|p|» power is reflected at normal incidence 

|p|> = 2% 

IpI* = 10% 


2 

1,000 

1,400 

4 

800 

600 

8 

400 

300 



Materials and Performance. One type of absorber is presently made commercially 
by impregnating a mat of curled animal hair with a mixture of aluminum flake, 
graphite, or conducting carbon black in a rubber solution. The animal-hair mat is 
commercially available, inexpensive, and superior to vegetable-fiber door mat, packing 
material, or excelsior, which may be substituted for it. The following are examples.^® 
NRL Type L Made of two layers of curled-animal-hair mat, each 1 in. thick, 
density 3.5 oz/sq ft. Top layer dipped twice in a mixture of 60 per cent graphite, 
40 per cent neoprene, made up to 20 per cent solids in xylene. Bottom layer dipped 
three times in a mixture of 75 per cent graphite, 25 per cent neoprene, made up to 
30 per cent solids in xylene. After each dip, layer drains in horizontal position with 
outer face up, to give a taper. 

NRL Type II, Made of a single 1-in. layer of curled animal hair dipped twice 
in a mixture of 45 per cent Statex A, 55 per cent neoprene made up to 20 per cent 
solids in xylene. Drains and dries horizontally after each dip with outer face up. 
Final density 9 oz/sq ft. 
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NRL Type HI. Made of a single half-inch layer of curled animal hair dipped 
three times as in type 11. Initial density 3.5 oz/sq ft; final density 8 oz/sq ft. 
Performance is as follows: 


Per cent power reflection at parallel 
polarization. 10° incidence angle 


X 



1.25 cm 

3.2 cm 

9 cm 

12 cm 

Type I: ♦•ft 





Top layer alone. 

0.16 

4.0 

12.0 

36.0 

Bottom layer alone. 

0.0 

1.6 

3.0 

3.0 

Combination. 

0.0 

0.8 

0.1 

0.5 

Typo II: t’5 





Dry. 

0.0 

0.8 



Wet. 

0.0 

0.4 



Type III:f5 





Dry. 

0.2 

0.6 



Wet. 

0.2 

4.8 




♦ A reflection peak may occur near 0 cm. 
t Results are not uniform, vary from sample to sample. 

i Dentating surface gives more reliability and slightly better performance especially 
when wet. 

fi For K- and X-band use only. 


Other processes for making tapered-line absorbers include loading of polystyrene 
foam or cement with fine iron or aluminum particles. Because of their smooth sur¬ 
face, these absorbers do not catch dust and may wear bettor than the hair typo. 

Each piece of absorber should be individually tested under conditions corresponding 
to actual use. Large variations are often found among differont pieces in a single 
batch. There is also some tendency among the poorer commercial grades to absorb 
moisture and deteriorate with age. 

A variety of types of absorbers are currently available commorciially from Emerson 
and Cuming, Inc., Canton, Mass.; McMillan Laboratory, Ipswudi, Mass., and B. F. 
Goodrich Sponge l^oducts Division, Shelton, Conn. 
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33.1. INTRODUCTION 

The pow(T ra<linte(l from a transmitting ant<‘nna is ordinarily spn^ad over a rela¬ 
tively large an^a. As a n^snlt the pow<T available^ at. most r<‘e.(Mviiig antennas is only 
a small fraction of the radiated power. This ratio of radiahMl p<)W(^r to r<u».eived power 
is called the radio transmission loss, ami its magnitude in some (tases may be as large 
as 10i» to 10»» (150 to 200 dh). 

The transmission loss between the transmitting and receiving antennas detennines 
whether the received signal will b<^ useful. Each radio system has a maximum allow¬ 
able transmission loss, which, if (exceeded, msults in either poor quality or poor 
reliability. Reasonably acuuirate predictions of transmission loss can bo made on 
paths that approximate the ideals of either fnw space or plane earth. On many 
paths of interctst, however, the path geometry or atmospheric conditions differ so 
much from the basic iisflum]>tions that absolutt^ accura<?y cannot be expected; nevor- 
th<^le88, worthwhile r(‘Hult4» can h(^ obtaimsd by using two or more different methods 
of analysis to ^‘box in’* the answer. 
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Fig. 33-1. Frec-apace transmiRaion. 


TRANSMISSION LOSS BETWEEN ISOTROPIC ANTENNAS 



TRANSMISSION WITHIN LINE OF SIGHT 
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The basic concept in estimating radio transmission loss is the loss expected in free 
space, that is, in a region free of all objects that might absorb or reflect radio energy. 
This concept is essentially the inverse square law in optics applied to radio trans¬ 
mission. For a one-wavelength separation between nondirective (isotropic) antennas, 
the frce-spacc loss is 22 db, and it increases by 6 db each time the distance is doubled. 
The free-space transmission ratio at a distance d is given by 

(33-la) 


where Pn Pt = received power and radiated power, respectively, measured in same 
units 

X = wavelength, in same units as d 
gt (or Qr) = power gain of transmitting (or receiving) antenna 
The power gain of an ideal isotropic antenna that radiates power uniformly in all 
directions is unity by definition. A small doublet whose over-all physical length is 
short compared with one-half wavelength has a gain of = 1.5 (1.76 db), and a 
one-half-wave dipole has a gain of 2.15 db in the direction of maximum radiation. 
A nomogram for the free-space transmission loss between isotropic antennas is given 
in Fig. 33-1. 

When antenna dimensions are large compared with the wavelength, a more con¬ 
venient form of the free-space ratio is given by^ 


P, ^ 

Pi “ (Xd)* 


(33-15) 


where Ai,r = effective area of transmitting or receiving antennas. 

Another form of expressing freo-spaco transmission is the concept of the freo-spaoo 
field intensity A’o, which is given by 


Eq a= volts/meter 


(33-2) 


where d is in meters and P« in watts. 

The use of the fiold-intxmsity concept is frequently more convenient than the trans¬ 
mission-loss concept at frcupiencios below about 30 Me, where (external noise is gen¬ 
erally controlling and where antenna diinensioiiH and heights are comparable to or 
less than a wavehmgth. The free-space field intensity is independ(int of frcsciuency, 
and its magnitude for 1 kw radiated from a half-wave dipole is shown on the left-hand 
scale on Fig. 33-1. 

The <5on<Hq)t of free-space transmission assiimes that the atinosphen' is perfectly 
uniform and nonabsorhing and that the earth is either infinitely far away or its 
reflection eoefluMcmt is !i(*gligil)l<‘. In practice, the modifying effecds of the earth, 
the atmosphere, and the ionosph(‘r<^ ikmmI to he considc^red. Both theoretical and 
experimental valiums on tlu^se (dT(‘cts are described in tlu^ following s(M*.tions. 


33.2. TRANSMISSION WITHIN LINE OF SIGHT 

The i)reH(mc(‘ of the ground modifi(*H the generation and the propagation of radio 
waves so that lh<^ r(‘c(Mve<l pow(‘r or fudd intensity is onlinarily 1(*hs than would be 
<‘xpe<d(Ml in free* spacer* 'Hk* (‘ffect of plane earth on th(‘ propagation of radio wav<^H 
is given by 

» I t- lic^^ + (I ■ -f • • • (33-3) 

I)in*<'.t. R<‘fl(Md.(*(l “Surface wave" Induction field and 

wav(i wav(^H secondary efTects 

of th<^ ground 
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where R « reflection coefficient of ground 

A =* “sarfaoe-wave ” attenuation factor 
4:irhihi 

^ “ “xd” 

hi ,2 = antenna heights measured in same units as wavelength and distance 
The parameters R and A depend to some extent on polarization and ground con¬ 
stants. In addition, the term ''surface wave'' has led to considerable confusion 
since it has been used in the literature to stand for entirely different concepts. These 
factors are discussed more completely in See. 33.4. However, the important point 
to note in this section is that considerable simplification is possible in most prac!ti(^al 
cases and that the variations with polarization and ground constants and the coii- 
fusion about the surface wave can often be neglected. For near-grazing paths, R is 
approximately equal to -1 and the factor A can be neglected as long as both antennas 
are elevated more than a wavelength above the ground (or more than 5 to 10 wave¬ 
lengths above sea water). Under these conditions the effect of the earth is inde¬ 
pendent of polarization and ground constants and Eq. (33-3) reduces to 



2 sin 2 sin 


2firhiki 

\d 


(33-4) 


where Po is the received power expected in free space. 

The above expression is the sum of the direct and ground reflected rays and shows 
the lobe structure of the signal as it oscillates around the freo-space value. In most 
radio applications (except air to ground) the principal interest is in the lower part 
of the first lobe, that is, where A/2 < ir/4. In this case, sin A/2 » A/2, and the 
transmission loss over plane earth is given by 


Pt ~ Kiird) \ >d ) 

= C33-5) 


It will be noted that this relation is independent of frequency, and it is shown in 
decibels in Fig. 33-2 for isotropic antennas. Figure 33-2 is not valid when the indi¬ 
cated transmission loss is less than the free^paco loss shown in Fig. 33-1, bocjausc this 
means that A is too large for this approximation. 

Although the transmission loss shown in Eq. (33-5) and in Fig. 33-2 has boon derived 
from optical concepts that are not strictly valid for antenna heights less than a few 
wavelengths, approximate results can be obtained for lower heights by using hi (or 
hi) as the larger of either the actual antenna height or the minimum effective antenna 
height shown in Fig. 33-3. The concept of minimum effective antenna height is 
discussed further in Sec. 33.4. The error that can result from the use of this artifice 
does not exceed ±3 db and occurs where the actual antenna height is approximately 
equal to the minimum effective antenna height. 

The sine function in Eq. (33-4) shows that the received field intensity oscillates 
around the free-space value as the antenna heights are increased. The first maximum 
occurs when the difference between the direct- and ground-reflected waves is a half 
wavelength. The signal maxima have a magnitude 1 + |/2l, and the signal minima 
have a magnitude of 1 — \R\, 

Frequently the amount of clearance (or obstruction) is described in terms of Fresnel 
zones. All points from which a wave could be reflected with a path difference of one- 
half wavelength form the boundary of the first Fresnel zone; similarly, the boundary 
of the nth Fresnel zone consists of all points from which the path difference is n/2 
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NOTES; 

1 THIS CHART IS NOT VALID WHEN THE 

■5000 5)000 INOICArED F^ECEIVED POWER IS GREATER 

THAN THE FREE SPACE POWER SHOWN 
ON FIG.33-1. 

2 USE THE ACTUAL ANTENNA HEIGHT OR 

:,nooo innoo THE MINIMUM EFFECTIVE HEIGHT 

SHOWN ON FIG. 33-3, WHICHEVER IS 
THE LAFRGfR. 

Fi<». TraimiiiwHion Iohh ovor pluno oarth. 
wavclongthH. Tho ntli-KromK^l-ssoiu^ cUMiraiitu'i //» at any (lintancii <li in given by 

//„ = -CKJ-O) 

Altiiough the r(‘fl<‘eti<)n < 50 <*nieu»nl. m very lUMirly ecmal U* - I for grazing angloa 
over smooth wirfiw^oH, its magnitude may be less than unity wlien the terrain in rough. 
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The classical Rayleigh criterion of roughness indicates that specular reflection occurs 
when the phase deviations are less than about ±‘7r/2 and that the reflection coefficient 
will be substantially less than unity when the phase deviations arc greater than 
± 9 r/ 2 . In most cases this theoretical boundary between specular and diffuse reflec¬ 
tion occurs when the variations in terrain exceed one-eighth to one-fourth of the first 
■Presnel-zone clearance. Experimental results with microwave transmission have 



shown that most practical paths are “rough" and ordinarily have a reflection coeffi¬ 
cient in the range of 0.2 to 0.4. In addition, experience has shown that the reflection 
coefficient is a statistical problem and cannot be predicted accurately from the path 
profile.® 

Fading Phenomena. Variations in signal level occur on liiic-of-sight paths as the 
result of changing atmospheric conditions. The severity of the fading usually 
increases as either the frequency or path length increases. Fading cannot bo pre¬ 
dicted accurately, but it is important to distinguish between two general types: (1) 
inverse bending and (2) multipath effects. The latter includes the fading caused by 
interference between direct- and ground-reflected waves as well as interference 
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TRANSMISSION WITHIN LINE OF SIGHT 

between two or more separate paths in the atmosphere. Ordinarily, fading is a 
temporary diversion of energy to some other than the desired location; fading caused 
by absorption of energy is discussed in a later paragraph. 

The path of a radio wave is not a straight line except for the ideal case of a uniform 
atmosphere. The transmission path may be bent up or down, depending on atmos¬ 
pheric conditions. This bending may either increase or decrease the effective path 
clearance, and inverse bending may have the effect of transforming a line-of-sight 
path into an obstructed one. This type of fading may last for several hours. The 
frequency of its occurrence and its depth can be reduced by increasing the path 
clearance, particularly in the middle of the path. 

Severe fading may occur on over-water or other smooth paths because the phase 
difference between the direct and reflected rays varies with atmospheric conditions. 
The result is that the two rays sometimes add and sometimes tend to cancel. 
This type of fading can be minimized, if the terrain permits, by locating one end 
of the circuit high, while the other end is very low. In this way the point of 
reflection is placed near the low antenna and the phase difference between direct 
and reflected rays is kept relatively steady. 

Most of the fading that occurs on rough paths with adequate clearance is the result 
of interference between two or more rays traveling slightly different routes in the 
atmosphere. This multipath typo of fading is relatively independent of path 
clearance, and its extreme condition approaches the Rayleigh distribution. In the 
Rayleigh distribution, the probability that the instantaneous value of the field is 
greater than the value R is exp [ - (72/it5o)*l where Ro is the rms value. 

Representative values of fading on a path with adequate clearance arc shown on 
Fig. 33-4. After the multipath fading has reached the Rayleigh distribution, a 
further increase in cither distance or frequency increases the number of fades of a 
given depth, but decreases the duration so that the product is the constant indicated 
by the Rayleigh distribution. . 

Miscellaneous Effects. The remainder of this He<*.tion (lescribe.s some misiiel- 
lancous effects of line-of-sight transmission that may b(‘. important at frc^quencics 
above about 1,000 Me. effects include variation in angles of arrival, maximum 

useful antenna gain, useful bandwidth, the use of frtuiuenc.y or spiwie diversity, and 
atmospheric absorption. 

On lin(M)f-sight paths with adiupiaU^ clearance, some components ()f thc^ signal 
may arrive with variations in ungl(*. of arrival of as much as }4 to ‘Ai® in the vort.iiuil 
plane, but the variations in tli<^ horizontal plane are less than 0.1®.^'® (lOnseiiuently, 

if anttmnas with Ix^amwidths Ic^ss than about 0.5® are uwxl, tlu^re may cxuuisionally hv. 
some loss in rixuuvcd signal becausi* most of the in<x>ining (uu^rgy arrivi^s outsidi* th<^ 
antenna beamwidth. Signal variations due to this (dTtxd. are usually small comparetl 
with the multipath fading. 

Multipath fading is selec.tivi* fading, and it limits both th(^ inaxiinuin useful band¬ 
width and the fri*qu(inc.y separation nec'ded for iwl(*<iuate frixpuuicy diversity. I^or 
40-<lb antennas on a 3()-mil<^ path the fa<lingon frequenei<»s siqmrated by 100 to 200 Me. 
is essentially une.orrelaU*d r(*giir<lU‘ss of the absoluti^ frcxjuene.y. With less diree- 
tive antennas, umxirndated fading <uin occur at fnMimuie.ies separated by less than 
100 Me.®*’ bargi^r antiuinas (more narrow Iwaunwidlhs) will decrease the fast multi¬ 
path fading and widim th(^ fnuiueney separation Iw^t.weiMi uncorrelah^d fading, but 
at the risk of imtreasing t.he long-term fading assoedated with the variations in the 

angle of arrival. ^ , *41 + 

Optimum space divctrsiiy, wlu’in ground reflections are controlling, nupurc^s that 
the separation Ix^twcxm anteiiinas b<^ suflicient to plac<^ one antenna on a licdd-intensity 
maximum while the other is in a field-intensity minimum. In practice, the best 
spacing is usually not known IxMomse the principal fading is cauwsl by multipath 
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variations in the atmosphere. However, adequate diversity can usually be achieved 
with a vertical separation of 100 to 200 wavelengths. 

At frequencies above 5,000 to 10,000 Me, the presence of rain, snow, or fog intro¬ 
duces an absorption in the atmosphere which depends on the amount of moisture and 
on the frequency. During a rain of cloudburst proportions, the attenuation at 
10,000 Me may reach 5 db/mile and at 25,000 Me it may be in excess of 25 db/mile,® 
In addition to the effect of rainfall, some selective absorption may result from the 
oxygen and water vapor in the atmosphere. The first absorption peak due to water 



Fio. 33-4. T 3 j)ical fading characteristics in the worst month on 30- to 40-mil(‘ liiu‘-f>f-8i«ht 
paths with 50- to 100-ft clearance. 

vapor occurs at about 24,000 Me and the first absorption peak for oxygen occurs at 
about 60,000 Me. 


33.8. TROPOSPHERIC TRANSMISSION BEYOND LINE OF SIGHT 

A basic characteristic of electromagnetic waves is that the energy is propagated 
in a direction perpendicular to the surface of uniform phase. Radio waves travel 
in a straight line only as long as the phase front is plane and is infinite in extent. 

Energy can be transmitted beyond the horizon by three principal methods: reflec¬ 
tion, refraction, and diffraction. Reflection and refraction are associated with either 
sudden or gradual changes in the direction of the phase front, while diflfraction is an 
edge effect that occurs because the phase surface is not infinite. When the resulting 
phase front at the receiving antenna is irregular in either amplitude or position, the 
distinctions between reflection, refraction, and diffraction tend to break down. In 
this case the energy is said to be scattered. Scattering is frequently pictured as a 
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result of irregular reflections, although irregular refraction plus diffraction may be 
equally important. 

The following paragraphs describe first the theories of refraction and of diffraction 
over a smooth sphere and a knife edge. This is followed by empirical data derived 
from experimental results on the transmission to points far beyond the horizon, on the 
effects of hills and trees, and on fading phenomena. 

Refraction. The dielectric constant of the atmosphere normally decreases gradu¬ 
ally with increasing altitude. The result is that the velocity of transmission increases 
with the height above the ground, and, on the average, the radio energy is bent or 
refracted toward the earth. As long as the change in dielectric constant is linear with 
height, the net effect of refraction is the same as if the radio waves continued to travel 
in a straight line but over an earth whose modified radius is 


ha 


a 


(33-7) 


where a » true radius of earth 

de/dh =» rate of change of dielectric constant with height. 

Under certain atmospheric conditions the dielectric constant may increase (0 < 

& < 1) over a reasonable height, thereby causing the radio waves in this region to 
bend away from the earth. This is the cause of the inverse bending type of fading 
mentioned in the preceding section. It is sometimes called substandard refraction. 
Since the earth’s radius is about 2.1 X 10^ ft, a decrease in dielectric constant of only 
2.4 X 10~® per foot of height results in a value of & = which is commonly assumed 
to be a good average value.* When the dielectric constant decreases about four times 
as rapidly (or by about 10"^ per foot of height), the value of k . Under such a 
condition, as far as radio propagation is concerned, the earth can then be considered 
flat, since any ray that starts parallel to the earth will remain parallel. 

\^en the dielectric constant decreases more rapidly than 10'^ per foot of height, 
radio waves that are radiated parallel to or at an angle above the earth’s surface 
may be bent downward sufficioutly to bo reflected from the earth. AfU^r reflection 
the ray is again bent towaril the earth, and the path of a typical ray is similar to the 
path of a bouncing tcumis ball. The radio energy appears to be trapped in a duct or 
waveguide between the earth and the maximum height of the radio path. Tliis 
phenomenon is variously known as trapping, duct transnuHsion, anomalous propaga¬ 
tion, or guided propagation.It will bo notcid that in this c.iise th<j path of a 
typical guided wave is similar in form to the path of sky waves, which are lower- 
frequency waves trai)i>e<l b(d.w<^en the earth and the. ioiionpherc!. ll<)wev<*r, tlw^re is 
little or no Himilarity betwecui the virtual heights, the erit.ie.al fnicpK'neies, or the 
causes of mfraetion in th(^ twt) vmvn. 

Duct transmisKion is iini)orljini Ikmuhiho it (^aii eaiiw* long-distance ini(*rfer(*nee 
with another Htation operating on the Huine fn^cpieiKy; liowever, it (hx'S not occur 
ofUui enough nor e.aii its o<xuirr<‘ne(» he predieUMl with (Miough ae.curae.y to make it 
utKiful for radio services reciuiriiig high reliability. 

Diffraction over a Smooth Spherical Earth and Ridges. Ihulio wavers ar(» also 
transmitted arouiul lh(‘ (‘iirth by Uu* |:h<Mioineiion of dilTraction. DilTrnelion is a 
fimdamental proix^rty of wave motion, im<l in <>ptu*H it. is the eorrc'ctum to apply to 
geometrical optics (ray th(‘<)ry) to obtain the more aecunitt» wave optics. In other 
words, all shadows are soincwlint. '‘fuzzy" on the edges, and the transition from 
“light” to “dark” an^as is graduid, ratlu*r than infinitely sharp. Our eotninon 
experi(M»c(^ is that light travids in straight lines Jind that shadows an* sharp, hut tins 
is only boeausc tlu* dilTraction e!T(*cts for tlu'se V(*ry short wavelengths arc too small 
to be notiecMl witho\it th(* aid of special laboratory (Miuipment. 'Hk* order of mag- 
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nitude of the diffraction at radio frequencies may be obtained by recalling that a 
IjOOO-Mc radio wave has about the same wavelength as a 1,000-cyclc sound wave in 
air, so that these two types of waves may he expected to bend around absorbing 
obstacles with approximately equal facility. 

The effect of diffraction around the earth^s curvature is to make possible trans¬ 
mission beyond the line of sight. The magnitude of the loss caused by the obstruction 
increases as either the distance or the frequency is increased, and it depends to some 
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Fig. 33-5. Diffraction loss around a perfect sphoro. 


extent on the antenna height. “ The loss resulting from the curvature of the earth 
is indicated by Jig. 33-6 as long as neither antenna is higher than the limiting value 
shown at the top of the chart. This loss is in addition to the transmission loss over 
plane earth obtained from Fig. 33-2. 

When either antenna is as much as twice as high as the limiting value shown on 
Fig. 33-5, this method of correcting for the curvature of the earth indicnt<is a loss that 
is too great by about 2 db, with the error increasing as the antenna luught increases. 
An alternative method of determining the effect of the earth’s curvature is given by 
Fig. 33-6. The latter method is approximately correct for any antenna height, but 
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it is theoretically limited in distance to points at or beyond the line of sight, assuming 
that the curved earth is the only obstruction. Figure 33-6 gives the loss relative to 
free-space transmission (and hence is used with Fig. 33-1) as a function of three dis- 
tances: di is the distance to the horizon from the lower antenna; dj is the distance 







LOSS RELATIVE TO FREE SPACE 
L,+ Lgt Lj" 18.5 + 2.5 + 6 = 27 DB 



>- 

1201000 

aaooo 


Fki. 33-0. I iiffnwtioii 1 «»h rcliilivc to tnuiHiiiimioii ut poiiit.B ln>.vitn<l line of Highl 

over a HHiooth nplirn*. 

to the horizon from ih(* higli<‘r aiiU^nmi; ainl da in t.h(» (Ustniu't^ Ix^yond the lino of 
sight. In other wordn, iho total (lmiuii<*o luMwcMm unl.<*nnjiH in (f « di -j- da -|- 
The distauco to tho horizon ovc!r smooth earth w givon l)y 

di,a \/2kfihui 

whciro /ii.j « the iip|>n>|>riut<^ antoruui height 
ka «* olTc(*.tiv<i earth’s riidius 


(3:^-8) 



33-12 EADIO PBOPAGATION FUNDAMENTALS 

The preceding discussion assumes that the earth is a perfectly smooth sphere, and 
the results are critically dependent on a smooth surface and a uniform atmosphere. 
The modification in these results caused by the presence of hills, trees, and buildings 
is difficult or impossible to compute, but the order of magnitude of these effects may 
be obtained from a consideration of the other extreme case, which is propagation 
over a perfectly absorbing knife edge. 
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Fig. 33-7. Ejiife-edgc diffraction loss relative to free space. 


The diffraction of plane waves over a knife edge or screen causes a shadow loss 
whose magnitude is shown on Fig. 33-7. The height of the obstruction H is measured 
from the line joining the two antennas to the top of the ridge. It will be noted that 
the shadow loss approaches 6 db as H approaches 0 (grazing incidence) and that it 
increases with increasing positive values of IT. When the direct ray clears the obstruc¬ 
tion, K is negative, and the shadow loss approaches 0 db in an oscillatory manner as 
the clearance is increased. In other words, a substantial clearance is required over 
line-of-sight paths in order to obtain “free^pace” transmission. The knife-edge 
diffraction calculation is substantially independent of polarization as long as the dis¬ 
tance from the edge is more than a few wavelengths. 
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At grazing incidence the expected loss over a ridge is 6 db (Fig. 33-7), while, over a 
smooth spherical earth, Fig. 33-6 indicates a loss of about 20 db. More accurate 
results in the vicinity of the horizon can be obtained by expressing radio transmission 
in terms of path clearance measured in Fresnel zones, as shown in Fig. 33-8. In this 
representation the plane-earth theory and the ridge diffraction can be represented by 
single lines; but the smooth-sphere theory requires a family of curves with a parameter 
M that depends primarily on antenna heights and frequency. The big difference 
in the losses predicted by diffraction around a perfect sphere and by diffraction over 
a knife edge indicates that diffraction losses depend critically on the assumed type of 
profile. A suitable solution for the intermediate problem ojf diffraction over a rough 
earth has not yet been obtained. 

Experimental Data Far beyond the Horizon. Most of the experimental data at 
points far beyond the horizon fall in between the theoretical curves for diffraction 
over a smooth sphere and for diffraction over a knife-edge obstruction. Various 
theories have been advanced to explain these effects, but none has been reduced to a 



MILES 

Fio. 33-9. Boyond-horizon transmission—median signal level vs. distance. 

simple form for everyday use.^* The explanation moat commonly accepted is that 
energy is reflected or scattered from turbulent air masses in the volume of air that is 
enclosed by the intersection of the bcamwidths of the transmitting and receiving 
antennas. 

The variations in the long-term median signals with distance have been derived 
from experimental results and are shown in Fig. 33-9 for two frequencies.^® The 
ordinate is in decibels below' the signal that would have been expected at the same dis¬ 
tance in free space with the same power and the same antennas. The strongest signals 
are obtained by pointing the antennas at the horizon along the great-circle ro ute. The 
values shown on Fig. 33-9 are essentially annual averages taken from a large number 
of paths, and substantial variations are to be expected with terrain, climate, and 
season as well as from day-to-day fading. 

Antenna sites with sufficient clearance so that the horizon is several miles away 
will, on the average, provide a higher median signal (less loss) than shown on Fig. 33-9. 
Conversely, sites for which the antenna must be pointed upward to clear the horizon 
will ordinarily result in appreciably more loss than shown on Fig. 33-9. In many cases 
the effects of path length and angles to the horizon can be combined by plotting the 
experimental results as a function of the angle between the lines drawn tangent to 
the horizon from the transmitting and receiving sites. 

When the path profile consists of a single sharp obstruction that can be seen from 
both terminals, the signal level may approach the value predicted by the knife-edge- 




TROPOSPHEEIC TRANSMISSION BEYOND LINE OF SIGHT 33-15 

diffraction theory. While several interesting and unusual cases have been recorded, 
the knife-edge, or “obstacle-gain,” theory is not applicable to the typical but only to 
the exceptional paths. 

As in the case of line-of-sight transmission, the fading of radio signals beyond the 
horizon can be divided into fast fading and slow fading. The fast fading is caused 
by multipath transmission in the atmosphere, and for a given size antenna the rate 
of fading increases as either the frequency or the distance is increased. This type of 
fading is much faster than the maximum fast fading observed on line-of-sight paths, 
but the two are similar in principle. The magnitude of the fades is described by the 
Rayleigh distribution. 



Fi«. 33-10. Typical fading churncteriHticH at points far beyond the horizon. 

Slow fmling humiiih variat ioim in av(*rage signal l(‘V(d ()v<*r a period of hours or days, 
and it is gr(‘ater on beyond-horizoii paths than on lin(‘-of-sight paths. 1 his type of 
fading is almost iudo|M*ndent of freciueiie.y and He<uns to be associated with changes 
in the average r(dra<d.ion of the atmosphere. At. distances of 150 to 200 miles the 
variations in hourly median value around the annual nu'dian s(*em to follow a normal- 
probability law in dcudhels with a st-aiidard deviation of about 8 db. l^pical fading 
distributions are shown on Fig. 33-10, 

The median signal levels ar<^ higher in warm humid elimaies than in cold dry 
climates, and seasonal variations of as nuie.h as ± 10 db or more from the annual 

median have been observed.^" ^ • • • i. 

Since the seaUercHl signals arrive with eoriHiih^able phast^ irregidarities in the 
plane of the receiving anUuina, narrow-beamed (high-gain) antennas do not yield 
power outputs proportional to tlndr theoretical area gains. This c‘(T(‘et has sometimes 
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been called loss in antenna gain, but it is a propagation effect and not an antenna 
effect. On 150 to 200 miles this loss in received power may amount to 1 or 2 db for a 
40-db gain antenna and perhaps 6 db for a 60-db antenna. These extra losses vary 
with time, but the variations seem to be uncorrelated with the actual signal level. 

The bandwidth that can be used on a single radio carrier is frequently limited by 
the selective fading caused by multipath or echo effects. Echoes arc not troublesome 
as long as the echo time delays arc very short compared with one cycle of the highest 
baseband frequency. The probability of long-delayed echoes can be reduced (and 
the rate of fast fading can be decreased) by the use of narrow-beam antennas both 

TO TRANS ANT 




H REFERRED TO PLANE 
EARTH VALUES 

Fig. 33-11. Estimated distribution of shadow Iorsob. 

within and beyond the horizon.Useful bandwidths of several megacycles appear 
to be feasible with the antennas that are needed to provide adequate signal-to-noisc 
margins. Successful tests of television and of multichannel telephone transmission 
have been reported on a 183-mile path at 5,000 Mc.*° 

The effects of fast fading can be reduced substantially by the use of cither fre¬ 
quency or space diversity. The frequency or space separation required for diversity 
varies with time and with the degree of correlation that can be tolerated. A hori¬ 
zontal (or vertical) separation of about 100 wavelengths is ordinarily adequate for 
space diversity on 100- to 200-mile paths. The corresponding figure for the required 
frequency separation for adequate diversity seems likely to be more than 2D Me. 

Effects of Nearby Hills, Particularly on Short Paths. The experimental results 
on the effects of hills indicate that the shadow losses increase with the frequency and 
with the roughness of the terrain.®' 

An empirical summary of the available data is shown on Fig. 33-11. The roughness 
of the terrain is represented by the height H shown on the profile at the top of the 
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chaxt. This height is the difference in elevation between the bottom of the vaUey 
and the elevation necessary to obtain line of sight from the transmitting antenM. 

The right-hand scale in Fig. 33-11 indicates the additional loss above that expected 
over plane earth. Both the median loss and the difference betwwn the median and 
the 10 per cent values are shown. For example, with variations in terrain of 500 ft, 
the estimated median shadow loss at 460 Me is about 20 db and the shadow loss 
exceeded in only 10 per cent of the possible locations between points A and B is about 
20 + 15 - 35 db. It will be recognised that this analysis is based on large-^alc 
variations in held intensity and does not include the standing-wave effects which 
sometimes cause the field intensity to vary considerably within a few feet 

Effects of Buildings and Trees. The shadow losses resulting from buildings and 
trees follow somewhat different laws from those caused by hills. Buildings may be 
more transparent to radio waves than the solid earth, and there is ordinarily niuch 
more back scatter in the city than in the open country. Both of these factors tend 
to reduce the shadow losses caused by the buildings, but, on the other hand, the ang es 
of diffraction over or around the buildings are usually greater than for natural terrain. 

In other words, the artificial canyons caused by buildings are considerably narrower 
than natural vaUoys, and this factor tends to inorcase the loss resulting from the 
presence of buildings. The available quantitative data on the effects of huildmgs 
L confined primarily to Now York City. Those data indicato that in the raiigc of 
40 to 450 Mo there is no significant change with frequency, or at least 
with frequency is somewhat less than that noted in the ease of hills. * Tho mod aii 
field intensity at street level for random locations in Manhattan (Now York City) 
is about 25 db below the corresponding plane-earth value. The corresponding valu 
for the 10 and 90 per cent points are about 15 and 36 db, 

Typical values of attenuation through a brick waU are from 2 to 6 db at 30 Mo and 
10 to 40 db at 3,000 Me, depending on whether the wall is dry or wot. Consequently, 
most buildings are rather opaque at frequencies of the orfer of 
When an antenna is surrounded by moderately thick trees and 
the average loss at 30 Mo resulting from the trees is usually Z or i db for vertical 
polarization and is negligible with horizontal iiolarization. 
variations in the received field intensity may exist within a 

the standing-wave pattern set up by reflections from trees located at “■ ^ 

several wavelengths fmni the antenna. Consoriucntly, several nearby locations 
should bo investigated for best resulte. At UM) Me the average lof« from surmiinding 
trees may bo 5 to 10 db for vertical piolarizalion and 2 or 3 db for horizontal 
tion. The tree losses coiitinuo to inenuum as the froiiuenr.y inoroiwes, and above 300 
to 500 Me they tend U. be indeiumdent of the type of polarization. Above .» «> ^c, 
trees that are thick enough to bkmk vision are roughly oquivalent to a solid obstruc- 
tion of the Hiinic ovor-till «izo. 

88.4. MEDIUM- AND LOW-FREQUENCY GROUND-WAVE TRANSMISSION 

Wherever tlio anUuina heights are small .uunpnred wit 1 . the wavelength the rceebed 
field intensity is ordinnrily stronger with v<‘rti«nl ixilanzat.ion than with honzontel 
and is stronger (.v.-r sea water than over iHx.r soil. In thes.. enses lb.- 
term in I'k). cannot, be neglected. Tins use of tls- term siyfimo way . 

lows Norton’s usag<> and is not. equivalent to the Hoinmerfelil or /suiiicck su 

"^'rhe imraineter .-1 is tlic pliiiKM-iirth altciumtioii factor for anti'niias at grtnind 
level It <lep<>ndH uixm the frequency, gmuiid «'oiiHtanlH, and lyin' of pnlanzatioii. 
It Is nevl gmater than unity ami deereosi's with inen'osing iUstunoo aiul fretpioncy, 
as indicated by the following approximate equation:* *' 
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A » 


-1 


1 + j ^ (sin 0 + «)* 


(33-9) 


where z = for vertical polarization 

2 B= -y/eo — cos® 9 for horizontal polarization 
€o = € — jdO<r\ 

$ « angle between reflected ray and ground 
= 0 for antenna.s at ground level 
« — dielectric constant of ground relative to unity in free space 
<r = conductivity of ground, mhos/meter 
X =« wavelength, meters 

In terms of these same parameters the reflection coeflBcient of the ground is given 

byss 


sin g — g 
sin g -1- g 


(33-10) 


When g<C|g| the reflection coeflScient approaches —1; when 9 >$> |gl (which can 
happen only with vertical polarization) the reflection coefficient approaches H-l. 
The angle for which the reflection coefficient is a minimum is called the pseudo- 
Brewster angle, and it occurs when sin d = |g|. 

For antennas approaching ground level, the first two terms in Eq. (33-3) cancel 
each other {hi and ^2 approach zero, and R approaches —1) and the magnitude of the 
third term becomes 

where ho = minimum effective antenna height shown in Fig. 33-3 

- I — 

™ I 2rz 

The surface-wave term arises because the earth is not a perfect reflector. Some 
energy is transmitted into the ground and sets up ground currents, which arc dis¬ 
torted relative to what would have been the case in an ideal, perfectly reflecting sur¬ 
face. The surface wave is defined as the vertical electric field for vertical polariza¬ 
tion, or the horizontal electric field for horizontal polarization, that is associated with 
the extra components of the ground currents caused by lack of perfect reflection. 
Another component of the electric field associated with the ground currents is in the 
direction of propagation. It accounts for the success of the wave antenna at lower 
frequencies, but it is always smaller in magnitude than the surface wave as defined 
above. The components of the electric vector in three mutually perpendicular 
coordinates are given by Norton.** 

In addition to the effect of the earth on the propagation of radio waves, the proscuice 
of the ground may also affect the impedance of low antennas and thereby may have 
an effect on the generation and reception of radio waves.®® As the antenna height 
varies, the impedance oscillates around the free-space value, but the variations in 
impedance are usually unimportant as long as the center of the antenna is more 
than a quarter wavelength above the ground. For vertical grounded antennas 
(such as are used in standard AM broadcasting), the impedance is doubled and the 
net effect is that the maximum field intensity is 3 db above the free-space value 
instead of 6 db as indicated in Eq. (33-4) for elevated antennas. 

Typical values of the field intensity to be expected from a grounded quarter-wave 
vertical antenna are shown in Fig. 33-12 for transmission over poor soil and in IMg. 
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from a grounded whip antenna. 
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ANTENNA HEIGHT IN FEET 

Fia. 33-15. Antenna height-gain faetor for vertical polarization over Hoa water. 

33-13 for transmission over sea water.' These charts include the effect of diffraction 
and average refraction, around a smooth spherical earth as discussed in Sec. 33.3, 
but do not include the ionospheric effects described in the next section. The increaw‘. 
in signal obtained by raising either antenna height is shown in Fig. 33-14 for poor soil 
and Fig. 33-15 for sea water. 
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33.6. IONOSPHERIC TRANSMISSION 

In addition to the tropospheric or groiind-wavc traiisniisaion discussed in the 
preceding sections, useful radio energy at frequencies below about 25 to 100 Me may 
be returned to the earth by reflection from the ionosphere, which consists of several 
ionized layers located 50 to 200 miles above the earth. The relatively high density 
of ions and free electrons in this region provides an cflectivo index of refraction of 
less than 1, and the resulting transmission path is similar to that in the well-known 
optical phenomenon of total internal reflection. The primary mechanism is refraction 
in the ionosphere, but for convenience it is generally spoken of as reflection from cer¬ 
tain virtual heights.®^ Polarization is not maintained in ionospheric transmission, 
and the choice depends on the antenna design that is most efficient at the desired 
elevation angles. 



TIME OF DAY 

Fi(». Typical diurnal variation of critical fnupiciicy for January at latitude 40®. 

Regular Ionospheric Transmission. ITie ionosphere ('.onsistH of three or nxon'i 
distinct layers. This does not nman that the spaet^ 1 hi tween laycsrs is free of ionization 
but rather that the curve of ion density vs. height has sevc^ral distiiud. peaks. ^ The 
K, Fi, and F 2 layers ar<^ i)resent during the daytime, but the Fi and Fi c()m))ine to 
form a single layer at night. A lower layc^r ealled the I> layer is also present during 
the day, but its principal <dTect is U) absorb rather than n^tUud.. 

Information about th<^ natu^^ of tlu^ ionosidu^re has Ixmui obtaiiuul by traiisinitting 
pulsed radio signals dir<*(d.ly overhead and by nx^ording tlu* signal intensity and the 
time delay of the echoes returned fn>m thew. layc^rs. At night all fre<pienci(%H below 
the critical frccpieiicy fe an^ returned to earth wit h an av(^rag(s signal intensity that is 
about 3 to (1 db Ixdow th(^ fr(»e-spaee signal that would l)e expee.ted for t.he round-trip 
distance. At frecpiencies higlu^r than the critical fn^pumey the signal intensity is 
very weak or undeteetabU^. Typical values of the (Titical frecpiency for Washington, 
!).()., are shown in Fig. 33-10. 
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Dtiring the daytime, the critical frequency is increased two to three times over the 
corresponding nighttime value. This apparent increase in the useful frequency 
range for ionospheric transmission is largely offset by the heavy daytime absorption, 

which reaches a maximum in the 1- to 
2-Mc range. This absorption is caused by 
interaction between free electrons and the 
earth’s magnetic field. The absence of 
appreciable absorption at night indicates 
that most of the free electrons disappear 
when the sun goes down. Charged parti¬ 
cles traveling in a magnetic field have a 
resonant or gyromagnetic frequency, and 
for electrons in the earth’s magnetic field 
of about 0.5 gauss, this resonance occurs 
at about 1.4 Me. The magnitude of the 
absorption varies with the angle of the sun 
above the horizon and is a maximum about 
noon. The approximate midday absorp¬ 
tion is shown on Fig. 33-17 in terms of decibels per 100 miles of path length. (On 
short paths this length is the actual path traveled, not the distance along the earth’s 



MEGACYCLES 
Fig. 33-17. Typical values of midday iono¬ 
spheric absorption. 


surface.) 

Long-distance transmission requires that the signal be reflected from the ionosphere 
at a small angle instead of the perpendicular incidence used in obtaining the critical 
frequency. For angles other than directly overhead an assumption which seems to 
be home out in practice is that the highest frequency for which essentially frce-space 
transmission is obtained is /c/sin a where a is the angle between the radio ray and 
ionospheric layer. This limiting frequency is greater than the critical frequency 
and is called the ^‘maximum usable frequency” (MUF). The curved gconiotry 
limits the distance that can be obtained with one-hop transmission to about 2,500 
miles, and the MUF at the longer distances does not exceed 3 to 3.5 times the critical 


frequency. 

The difference between day and night effects means that most sky-wave paths 
require at least two frequencies. A relatively low frequency is needed to get under 
the nighttime MUF, and a higher frequency is needed that is below the daytime MIJF, 
but above the region of high absorption. This lower limit depends on the available 
signal-to-noise margin and is commonly called the lowest useful high frequency. 

Frequencies most suitable for transmission over 1,000 miles or over will ordinarily 
not be reflected at the high angles needed for much shorter distances. As a result, 
the range of sky-wave transmission ordinarily does not overlap the range of ground- 
wave transmission, and the intermediate region is called the skip zone because the 
signal is too weak to be useful. At frequencies of a few megacycles the ground-wave 
and sky-wave ranges may overlap, with the result that severe fading occurs when the 
two signals are comparable in amplitude. 

In addition to the diurnal variations in frequency and in absorption, there are 
systematic changes with season, latitude, and with the nominally 11-year sunspot 
cycle. Random changes in the critical frequency of about ± 15 per cent from the 
monthly median value are also to be expected from day to day. 

The F layer is the principal contributor to transmission beyond 1,000 to 1,500 miles, 
and typical values of the maximum usable frequency can be summarized as follows. 
The median nighttime critical frequency for F-layer transmission at the latitude at 
Washington, D.C., is about 2 Me in the month of June during a period of low sunspot 
activity. All frequencies below about 2 Me are strongly reflected to earth, while the 
higher frequencies are either greatly attenuated or are lost in outer space. The 




IONOSPHERIC TRANSMISSION 33-23 

approximate maximum usable frequency for other conditions is greater than 2 Me by 
the ratios shown in Table 33-1. 

Table 83-1 


Variation with: Multiplying factor 

Time of day: 

Midnight. 1 (reference) 

Early afternoon: 

June. 2 

December.3 

Path length: 

Less than 200 miles. 1 (reference) 

Approximately 1,000 miles. 2 

More than 2,500 miles. 3.5 

Sunspot cycle 

Minimum... 1 (reference) 

For 1 year in 6: 

June. 1.6 

December. 2 

For 1 year in 60: 

June. 2 

December. 3 


When all the above variations add “in phase,” transmission for distances of 2,600 
miles or more is possible at frequencies up to 40 to 60 Me. For example, using the 
above table, 2,500-mile transmission on an early December afternoon in 1 year out of 
6 can be expected on a frequency of about 42 Me, which is 3 X 3.5 X 2 « 21 times 
the reference critical frequency of 2 Mo. Peaks of the sunspot cycle occurred in 
1937 and in 1947-1948, so another peak is expected in 1968-1969. 

The maximum usable frequency also varies with the geomagnetic latitude, but as a 
first approximation, the above values are typical of continental United States. Fore¬ 
casts of the MUF to be expected throughout the world are issued monthly by the 
National Bureau of Standards.These estimates include the diurnal, seasonal, 
and sunspot elTects. 

Another type of absorption, over and above the usual daytime absorption, occurs 
both day and night on transmission paths that travel through the auroral zone. 
The auroral zones arc eentc^nul on the north and south magnetic^ poh^s at about the 
same distance as the Arctic (Circle is from the geographical North Pole. During 
periods of magnetic storms these aun)ral zones expand over an area much larger than 
normal and thei-eby disrupt communication by introdiuung um^xpected absorption. 
Thest'. conditions of poor transmission can last for hours and sometimes even for days. 
Th(‘He p(*riodH of in(*.r<Mis(*d absorption are more e.ommon in the polar regions than 
in the Temperate Zoih^s or the tropics because^ of the pn)ximity of the auroral zones 
and arc fre<iuently (^alltMl h-f “blackouts.” During a bhu^kout, tht^ signal level is 
decreased c.onsidcTably but tlu^ signal does not <lrop out compleUdy. Tlie outage 
time normally associated with h-f transmission could bet gr(‘atly reduced by the use of 
transmittdir power and antcuma size comparable with that neculed in the ionospheric 
scatter method deHcribe<l Ixdow. 

In addition to the auroral-zone absorption, there are shorter periods of sovero 
absorption over the entires bemisph(»r<^ facing tlie sun. These erratic*, and unpredict¬ 
able effects, which s(*<*m to Ix^ a,sso(uat<xl with (eruptions on the sun, are called “sudden 
ionospheric disturbances” (SID’s), or the “IhdliugcT etTeet.” 

The i)n‘eeding infort»\ation is base<l primarily on K-layer transmission. The E 
layc^r is loeaUxl <dos(*r to t.h(^ <‘arth than ll»e F lay(‘r, and the maximum transmission 
distance for a singh* rc'lh'etion is about 1,200 miles. 

llcdleetioriH from the 10 layer sometimes oee\ir at frtuiueneies above about 20 Me 
but arc erratic, in ]>oth tim(^ and space. This phenomenon has been explained by 
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assuming that the E layer contains clouds of ionization that are variable in size, 
density, and location. The maximum frequency returned to earth may times be 
as high as 70 or 80 Mc.*° The high values are more likely to occur during the summer 

and during the minimum of the sunspot cycle. • j , 

Rapid multipath fading exists on ionospheric circuits and is superimpo^d on the 
longer-term variations discussed above. The amplitude of the fast fading 
Rayleigh distribution, and echo delays up to several milliseconds arc obse^ed. These 
delays are 10^ to 10® times as long as for tropospheric transmission. As a result of 
these relatively long delays, uncorrelated selective fading can occur >?^thin a few 
hundred cycles. This produces the distortion on voice circuits that is characteristic 

of “short-wave” transmission. . 

Ionospheric Scatter. The concept of maximum usable frequency used in con¬ 
ventional sky-wave transmission is defined as the highest frequency returned to earth 

for which the average transmission is 
within a few decibels of free space. As 
the frequency increases above the MUF, 
the signal level decreases rapidly but does 
not drop out completely. Although the 
signal level is low, reliable transmission 
can be obtained at frequencies up to 60 Me 
or higher and to distances up to at least 
§ '“''0 10 20 30 40 50 60 70 80 1^200 to 1,500 milcs.®^ In this case the 

MEGACYCLES signal is 80 to 100 db below the frcc-spacc 

Fig. 33-18. Median si^al levels for iono- and its satisfactory use requires 

spheric-scatter transmission. much higher power and larger antennas 

than are ordinarily used in ionospheric transmission. The approximate variation in 
median signal level with frequency is shown in Fig. 33-18. 

Ionospheric scatter is apparently the result of reflections from many patches of 
ionization in the E layer. It is suspected that meteors are important in establishing 
and in maintaining this ionization, but this has not been clearly determined. 

In common with other types of transmission, the fast fading follows a Rayleigh 
distribution. The distribution of hourly median values relative to the long-term 
median (after the high signals resulting from sporadic lil traTismission have been 
removed) is approximately a normal-probability law with a standard deviation of 
about 6 to 8 db. 

Ionospheric-scatter transmission is suitable for several telegraph channels, but the 
useful bandwidth is limited by the severe selective fading that is characteristic of all 
ionospheric transmission. 

33.6. NOISE LEVELS 

The usefulness of a radio signal is limited by the “noise” in the rcc.civcr. This 
noise may be either unwanted external interference or the first circuit noise in the 
receiver itself. 

Atmospheric static is ordinarily controlling at frequencies below a few megacycles, 
while set noise is the primary limitation at frequencies above 200 to 500 Me. In the 
10- to 200-Mc band the controlling factor depends on the location, time of day, etc., 
and may be either atmospheric static, man-made noise, cosmic noise, or s<^t noise. 

The theoretical minimum circuit noise caused by the thermal agitation of the 
electrons at usual atmospheric temperatures is 204 db below 1 watt/c.yc.le of band¬ 
width; that is, the thermal noise power in decibels below 1 watt is -204 + 10 log 
(bandwidth). The first circuit or set noise is usually higher than the theorcti(?al mini¬ 
mum by a factor known as the noise figure. For example, the set noise in a receiver 
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with a 6-kc noise bandwidth and an 8-db noise figure is 158 db below 1 watt, which is 
equivalent to 0.12 across 100 ohms. Variations in thermal noise and set noise 
follow the Rayleigh distribution, but the quantitative reference is usually the rms 
value (63.2 per cent point), which is 1.6 db higher than the median value shown on 
Figs. 33-4 and 33-10. Momentary thermal noise peaks more than 10 to 12 db above 
the median value occur for a small percentage of the time. 

Atmospheric static is caused by lightning and other natural electrical disturbances 
and is propagated over the earth by ionospheric transmission. Static levels are 
generally stronger at night than in the daytime. Atmospheric static is more notice¬ 
able in the warm tropical areas where the storms are most frequent than it is in the 
colder northern regions which arc far removed from the lightning storms, 

Typical average values of noise in a 6-kc band arc shown on Fig. 33-19. The 
atmospheric static data are rough yearly averages for a latitude of 40°. Typical 
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Ki(i. 33-10. Typical average noise level in a 6-kc. hand. 

summer averages are a few decibels higher than the value on Fig. 33-19, and the cor¬ 
responding winter values are a few decibels lower. The average noise l(W(ds in tin* 
tropics may bo as much as 16 db higher than for latitudes of 40°, while in th(^ arctic, 
region the noise may be 15 to 26 db lower. The corresponding values for other band- 
widths can be obtained by adding 10 db for each tenfold increase in bandwidth. 
More complete estimates of atmospheric noise on a world-wide basis an^ given in the 
National Bureau of Standards BulUdin 462.*^ These noise dat.a art^ bascul on iiKWisure- 
ments with a time constant of 100 to 200 msec. Noise peaks, as ineasure<l on a 
cathode-ray tube, may be (ionsidorably higlw^r. 

The man-made noise shown in Fig. 33-19 is causc^d primarily by operation of elec¬ 
tric switches, ignition noise, etc., an<l may be a controlling factor at fnsciuencies below 
200 to 400 Me. Since radio transmission in this fn^cpiency ranges is primarily tro¬ 
pospheric (ground-wave), man-made noise can be redatively unimportant b(‘.yond 
10 to 20 miles from the soure.e. In rural an^as, the controlling factor can bo either 
set noise or cosmic noise. 

Cosmic and solar noises are thermal-type interf<Tcuice of extraterrofltrial origin.** 
Its practical importanc.e m a limitation on communication circuits seems to bo 
in the 20- to 80-Mc range. Cosmic noise has been found at much higher frequencies, 
but its magnitude is not significantly above set noise. On the other hand, noiso 
fmin the sun increjises as tlu* fn^pumey incmases and may b<*com<^ the controlling 
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noise source when high-gain antennas arc used. The rapidly expanding science of 
radio astronomy is investigating the variations in both time and frequency of these 
extraterrestrial sources of radio energy. 
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ANTENNA MEASUEEMENTS 


84.1. GENERAL DISCUSSION 

This volume so far has provided much of the information "which the design engineer 
req[uires when designing antennas to meet particular requirements. These require¬ 
ments or specifications may be expressed in various terms, but in most instances may 
be resolved into a fairly small number of well-defined characteristics, which are: 

1. Input impedance and mutual impedance 

2. Radiation patterns 

3. Gain 

4., Phase front 

5. Polarization 

In order to prove that an antenna, which is designed to meet specific requirements, 
does indeed conform to these specifications, it is necessary to perform measurements 
which will determine the appropriate characteristics of the antenna. It is the purpose 
of this chapter to discuss methods of obtaining the information listed in items 1 to 
5 above. The problem, of power-handling abilities has already been discussed in 
Chap. 30 for transmission lines, and it applies equally well for antennas. 

Before going into the detail required in describing the measurements and measure¬ 
ment techniques, it is advisable to insert a word of caution. Antennas are radiating 
elements and are subject to radio-frequency interference from outside sources and 
from reflecting objects. Care must be exercised to avoid unreliable results. Appro¬ 
priate reminders and suggestions will be used throughout this chapter. Where 
applicable, the use of microwave-absorbing material will be discussed and recom¬ 
mended as part of the continuous effort to obtain reliable and repeatable data. * 

34.2. INPUT- AND MUTUAL-IMPEDANCE MEASUREMENTS 

There are three general methods which may be used in the measurement of imped¬ 
ance. For radio frequencies below 30 Me, it is quite practical, if not essential, to 
use bridge measurements. For frequencies above 1,000 Me, the use of the slotted 
line is almost \miversal. In the frequency range from 30 to 1,000 Me, either method 
may be used, depending on the application and on equipment availability. A reflec¬ 
tion method may also be used to determine the relative radiation resistance of a short- 
circuited resonant element, such as a parasitic element which has no terminals 
available. 

Bridge Measurements for Low Frequencies. Adaptations of the fundamental 
Wheatstone-bridge circuit have been used for many years for the moasuremont of 
impedance. These bridge measurements, which utilize a null method, have proved 
most useful for the determination of impedance, resistive or reactive (iiidiictivo or 
capacitive), from direct current through the lower UHF band. The null method 
provides great convenience in addition to its high precision. Bridges derived from 
the basic 'Wheatstone bridge generally contain a number of fixed known resistors, 
inductors, or capacitors and one or more variable calibrated elements. The measure¬ 
ments usually are preceded by a calibration in which the bridge is balanced with the 
unknown impedance terminals short-circuited or open-circuited. The short is then 
removed, and the unknown impedance is inserted. The bridge is rebalanced, and the 
measured impedance is determined. Table 34-1 gives some examples of commer¬ 
cially available bridges, their operating frequency ranges, basic circuit diagrams, and 
impedance equations. 

In using any of the bridges described above or any others, a number of additional 
pieces of equipment are required. The signal source which is used should provide 
at least 1 mv output, and the detector should be an extremely well shielded receiver 
having a sensitivity of approximately 6 juv. Depending on the particular bridge 
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Table 34-1. Commerdally Available Bridges. 
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which is used, additional accessories may be conveniently used, as specified by the 
bridge manufacturers. 

Slotted-line Measurements. The measurement of input impedance utilizing a 
slotted line makes use of well-known and often-discussed characteristics of traveling 
waves; that is, input impedance may be uniquely determined from a knowledge of 
the standing-wave ratio of voltage or current (VSWR) and the distance between the 
voltage or current minimum and the reference point at which the impedance is 
desired. The slotted line permits one to measure these two parameters in an extremely 
simple manner. 



Fig. 34-1. Setup for slotted-line impedance measurement. 



Fig. 34-2. Cross section of voltage probe. Fig. 34-3. Cross section of current (loop) 

probe. 


Slotted lines which may be purchased commercially fall into three categories: 

1. Coaxial slotted lines 

2. Slab lines 

3. Waveguide slotted lines 

The characteristic impedance of the coaxial slotted lines and the slab lines is gen¬ 
erally 50 ohms, although there are some 46-ohm lines available. Because of con¬ 
struction and connector compensation it is generally difficult to modify the char¬ 
acteristic impedance of the lines by changing the size of the inner conductor if a 
different impedance line is required. Waveguide slotted lines are available com¬ 
mercially in sizes corresponding to standard waveguide dimensions. 

A typical block diagram indicating the tjrpe of equipment used in making slotted- 
line measurements is shown in Fig. 34-1. A transmission-line system which is 
terminated in an antenna that is not perfectly matched to the feeding transmission 
line contains an incident traveling wave and a wave which is reflected from the 
mismatched load. The amplitude of the reflected wave is proportional to the mis¬ 
match of the load. These waves will alternately cancel and add, resulting in a stand- 
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ing wave on the feed transmission line. In the VSWR or impedance-measuring 
setup, part of the transmission line is replaced by a slotted section. A traveling probe 
inserted in the slotted line and connected to a detector will allow the standing-wave 
pattern to be measured. The probe may be a voltage probe as illustrated in Fig. 34-2 
or a current probe as shown in Fig. 34-3. The latter is not recommended for use at 
frequencies over 2,000 Me. The detector may be a receiver tuned to the frequency 
being used, or it may be a crystal or a bolometer detector connected to a voltmeter or 
VSWR indicator. The signal source is usually amplitude-modulated with a square 
wave or pulse. 

In general, two sets of measurements are taken. During the first set of measure¬ 
ments the antenna to be testc^d is connected to the load end of the slotted line. At 


STANDING 
WAVE PATTERN 



Fu}. 34-4. Standing-wave patterns and luiniina determination. 


each fre(pieney of inten*Ht the V8WU is measured by moving the i)n)l>e along the line 
and noting tlie reading on the standing-wave indicator or by determining the difference 
l)etwo(m the voltage minimum an<l maximum using a calibrated aUenuat.<>r. The 
** load ” minimum position lU is also determined at eaclx freciueiuiy (Fig. IM-t). Stand¬ 
ing-wave ratio (BWU) is usually specified in decibels or as a voltage ratio (VBWR). 
This is expresMcul as follows: 

8WR(<11>) - ao loR VHWU - 20 Ior 

y min 


The s(MU)n<l set of meustireinoiitH is uw^d to deterniine tlu^ location of the w^ferenco 
point for the impedunee. The r<d<^r<*iic<* point is gem»rally the en<l of the slotted lino. 
The slotted line is short-eireuiUni at the load end, and the “short” minimum positions 
Pm are <ietermined at the same fre<iuencieH. 

The input impedance may bo deU^rmined analytically by use of the following 
equation: 




f 8 . . f {8*^- 1) sin fie cos fiH \ 

Xcoi^ fie -f Hm»>7 1 C08*"/Si^4* 8^ sin* fiC J j 
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where 8 =* VSWR 
j3 s: 27r/\o 

\g « guide wavelength 

Zo = characteristic impedance of measuring line 
Zl = load input impedance 


Also 

Note: If Pi is closer to the load than P„ then consider t as positive. If Pt is closer 
to the generator than P«, then consider t as negative. However, it is much simpler 
to use a Smith chart for determining this impedance. The Smith chart is discussed 
along with other impedance charts later in this chapter. 

When making slotted-line impedance measurements, a number of sources of error 
are possible. Proper technique and awareness of the causes of these errors can elimi¬ 
nate or minimize most of them. Some of the causes for error are: 

1. Probe loading of slotted line 

2. Mismatch of signal source 

3. Nonuniformity of detector characteristics 

4. ELarmonics, frequency modulation, spurious signal sources, received signals, etc, 

6. Reflections from nearby objects 

6. Coupling from antenna into detector 

The probe must be inserted into the slotted line in order to sample the standing- 
wave patterns. If the probe penetration is too deep, the probe acts as a reflection 
point, which produces an impedance in shunt with the line. As the probe moves, the 
disturbance moves with it, upsetting the standing-wave pattern. This results in a 
VSWR value which is lower than the actual VSWR being measured. 

Reflections from the probe return to the signal source. If the source is poorly 
matched, the reflected wave will be partially returned toward the load. This would 
result in both phase and amplitude errors. Padding may be used between sources 
having VSWR's greater than 2 (such as Idystrons) and the line, in order to reduce 
this effect. In addition to this, an even more important consideration is that probe 
penetration should be made as small as possible. 

.When crystals are used as the detecting element, they should be operated at power 
levels less than 20 jnw in order to retain their square-law characteristics. Barretters 
should be operated at less than 200 tivr. When the signal-source output is 1 mw, these 
conditions will generally be met if the probe penetration is adjusted so that the output 
is 5 to 10 db above noise level at the load minimum position for a VSWR of 10:1 or 
less. 

To avoid harmonics, spurious signal sources, and unwanted received signals, it is 
necessary to make use of high- and low-pass filters when using commercial standing- 
wave indicators. The use of a superheterodyne receiver will also eliminate these 
difficulties. 

Most signal generators are fairly low in their frequency-modulation content. 
However, klystron sources not modulated with a good square wave will produce fre¬ 
quency modulation which will tend to broaden the null in the standing-wave pattern, 
making position determination quite impossible. Klystron outputs should b(5 
monitored with an oscilloscope to be sure that no frequency modulation exists. This 
procedure also helps in tuning the klystron. 

If the antenna imder test is not located in a clear area, it is possible that reflections 
from various objects will reenter the slotted line through the antenna. This will 
cause false measurements. This type of difficulty can be detected by moving the 
antenna a quarter wavelength and noting the change in VSWR and minimum position. 
In order to eliminate these reflections, the antenna should be tested in a clear area, 
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or alternatively, the reflecting objects should be removed or covered with low-reflect¬ 
ing absorbing material, which is available commercially. 

Coupling of energy from the antenna into the detector occurs mainly at the lower 
frequencies. Although easily detected by its effect (an irregular standing-wave 
pattern), it is quite difficult to eliminate. In this condition everything appears to 
be '*hot.^* Just moving the cable between probe and detector can cause a change in 
the reading. One solution is to move the antenna farther away from the slotted 
linft by using longer feed cable, remembering that there is additional cable attenuation 
to be accounted for in the VSWR. Surrounding the suspected part of the antenna 
with absorbing material may also help. If this type of condition is found at the 
higher frequencies, loose cable connections should bo suspected. 

Impedance Charts. A formula for determining antenna impedance from slottcd- 
line measurements was previously given. For informational purposes and for use in 
modifying existing impedance characteristics it is desirable to i)lot impedance vs. 
frequency in an easily used form. It is also desirable to dispense with the calculations 
required by the load-impedance equation and go directly to an impedance plot. A 
large number of charts have been developed for this purpose. Some that are more 
widely used are the impedance circle diagram, the Smith chart, and the Carter chart. 

Impedance Circle Diagram. The input impedance of a transmission line termi¬ 
nated in an impedance is given by the following equation: 

„ Zr -b tan 

tan /3<r 

Zl =* Rl + jXi 
Zh Rl , . Xl 

"0 

A rectangular plot of R and jA', with circloH of constant position and circles of 
constant VSWH auperimpostid, is known as an impedances circle diagram. A basic 


Also 

and normalizing, 
or 



form of this chart is shown in Kig. IM-f). A known im|)e<lanc(‘ may be i)lott<Ml on thm 
chart afU^r normalizing. 'I'h<‘ chart <*oonlinateH an* 


and 


Rl 

Z„ ' 

Xl 

z7 


n. 


It. 


as shown in Kig. JM-5. If it is dcHinnl to transfer tliis ittip(»danc<* to anotluT point 
farther toward t.hc gcuuTator, them thc^ point is moved along a constant p circU^ the 
required amount in tenns of q. The p circh^s VHWU circh^s (p VSWR); the 
q circles are constant f <*irel(^s (q =« tan Th(^ new normalized impedance point is 
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shown in Fig. 34-5 as t» jxt. The actual impedance is 

= Zoir, + jxa) 

One of the most serious disadvantages of this type of chart is that it does not contain 
all impedance values. Infinite VSWR values and values approaching infinity 
^Rl/Zq-*' oo, Xl/Zq-> oo) are not found on the chart. Also high VSWR’s with 
low values of Rl/Zo are difficult to handle because of the compressed scale involved. 

Smith Chart. The most commonly used impedance chart is the Smith chart (Figs. 
34-6 and 34-7). The Smith chart is derived by using a bilinear transformation. 

POSITIVE REACTANCE 
COMPONENT 



NEGATIVE REACTANCE 
COMPONENT 

Fia. 34-6. Basic form of Smith chart. 


It consists of orthogonal families of circles. One family consists of constant resist¬ 
ance circles. The second family consist® of constant reactance circles. Circles of 
constant VSWR are concentric with the center of the chart. The point of zero reflec¬ 
tion coefficient (VSWR = 1) is at the center of this circular chart. The locus of 
unity reflection coefficient (VSWR = oo ) is the limiting circle of the chart, which also 
coincides with the position circle. 

The Smith chart is used almost universally for plotting impedances from the 
information obtained from slotted-line measurements. As an example of how the 
load input impedance may be determined by use of the Smith chart, the following 
representative slotted-line values will be used: 

Pa « 25 cm = short position 
Pi = 17 cm = load position 
VSWR =4 = voltage-standing-wave ratio 

\g = 26 cm wavelength 

Then AP = |P^ - Pa\ - U| = 8 

ap q 

and T— = OA = wavelength 

Assuming that Pa is closer to the load end of the line than Pt, the value AP /Xg is plotted 
using the position scale on the Smith chart which reads **wavelengths toward load.'' 
If P, is closer to the generator than Pi, then AP/X^ is plotted using the scale which 
reads ‘'wavelengths toward generator.’* The resulting impedance (normalized value) 
is shown in Fig. 34-7. Further use of the Smith chart is described in the referonces- 
Carter Chart. The Carter chart, which is pictured in Fig. 34-8, gives a representa¬ 
tion of magnitude and phase angle of an impedance. This chart may be derived 
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directly from the Smith chart by connecting points of equal impedance magnitude 
together and connecting points of equal phase together. The chart may be used 
in the same manner as the Smith chart and has some special applications when used 
in connection with circularly polarized antenna measurements (Sec. 34.6). 



Measurement of Very High VSWR. When \ising crystal (h^tecd-ors for i]\v m<‘aHure- 
rnont of VSWR, it should bo remembered that the Hcjuare-biw characteristic of the 
crystal holds only for low pow<ir hovels. If high standing waves are involved, it is 
possible to overload the crystal and obtain inciorreet rcNulings. The use of an indicat¬ 
ing d(wice which has only a limited dynamic range may pn^vcuit tlu^ accurate measuro- 
ment of high VSW R in th(^ usual way. If edther oiu^ of tluwe situations exists, the 
method described Ixdow is extnunely useful. 

In lug. the actual VSWR is *S *■ Kniax/Kmin- Inst(*ad of measuring Vmn*, an 
intermediates values is cliemesii, say, K/. The ratio *S, « Vi/V„,u, anel the elistanc.e 
d “ |x 2 — «i| are) useMl in the eejuatie)!! bedow te) eleterrnine* the aestual VHWR. 

Thus S « 

sin (vd/Kg) 


where \ *» guielo wavelength. 
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impedance between two elements remains fixed. However, the variation in phase 
difference between mutually coupled elements has a large effect on input impedance. 

The measurement of mutual impedance, for the purpose of reducing its effect on 
input impedance, is important in some applications. Referring to Fig. 34-10, the 
terminal impedances of two identical antennas are 


and 






Zgelf Zniutual 

■ll 

Zgelf "1“ ~j~^ Ziuutuiil 


where Z^n = self-impedance of element 1 or element 2 
Zi => terminal impedance of antenna 1 
Zi » terminal impedance of antenna 2 
1 1 = current in antenna 1 
/a = current in antenna 2 

Zgeif is defined as the limit of as the current 1% approaches zero at the reference 
terminals of the second antenna, ^aou will in general depend on the spacing between 
the antennas since the current is not necessarily zero everywhere in the second antenna 
when the current is zero at its reference terminals. An open circuit at the reference 
terminals satisfies this requirement. 

Zinutuai may be obtained by short-circuiting antenna 2 and measuring the terminal 
impedance Z x of antenna I. Thus ^ ^ 

•Z MUTUAL' 


Zi 


Zm\[ 4" 7" Zinutu*l 
i I 


0 Zmlf -|- "j" Zinutiial 


and 

Then (Zmutuai)^ “ Zm^h (,Z^h — Z\) 




Kid. 34-10. Torrniunl impodaiicos 
of two i(l<*iitical antennas. 


Using the method of menHuromont implied here, 
it is found that for small values of Zn,utu»i, the valuos of Z^i^u and Zi arc ho close 
together that their difTeriuicii cannot bo incaHurcMl aecuraUdy. 

A Hccond method may be used for more prccuHo rcwults. It will be noted that if Zi 
is measured for some known current ratio I 2 /J 1 , then 


ZniutunI ” (Zi Zm\\) 


If an image plane is UHe<l to replace t.h<^ Hoeornl iintciina hh in Fig. 31-11, tlum tlie 
current ratio will be to the following; 


and 



for eolliiKMir dipoh'.s 
for)>aiuHcI <li]>ol(*H 


For the same value as used in t he first inetlwxl, tluMlilT(*n‘nc(‘ tn(*nHuro<l l>(4.woen 

Zx an<l Zgpif is now (Mmsideral)!}' gn»a1(*r and <'au be nu‘aHun*(l nion^ niMiuratoly by 
using this necond met luxl of nicaHurcmeiit. 

For eollinear dipoles mouiiUMl ovcm* a reflecting ground piano as sliowii in Fig, 84-12, 
the values of Z„\t and Zruumai are ilciU^rmined by tint following iMiuations: 

Zx "■ (Zii — Z||0 4* (Zia — Zxt') 

Z\i Zxi* »■ 

and Zxn — Z|9' » 
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Miscellaaeous Techniques. Location of Minima. In order accurately to deter¬ 
mine impedance, a precise location of voltage or current minima in the standing-wave 
pattern is required. It is especially important in this case that the signal source be 
free of frequency modulation or spurious frequency sources. Accurate location of 
minima is obtained by averaging. A convenient standing-wave pattern level Si is 
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Fig. 34-11. Image-plane method of measur- Fig. 34-12. Collinoar dipoles over reflecting 
ixig self-impedance and mutual impedance. ground plane. 

chosen, and the slotted-line scale reading corresponding to Si on each side of the 
minimum is recorded. The actual minimum is 


This is illustrated in Fig. 34-9. 

Measurement of Impedance Using an Image Plane. Very often, when a balanced 
antenna such as a sleeve dipole is being investigated, it is necessary for design pur¬ 
poses to optimize the impedance curve of the dipole without the additional com¬ 
plication of a balun or parallel line feed being involved in the measurement. Half 



Fig. 34-13. Image-plane method for measuring innpodance. 

the dipole can be replaced by an image plane (Fig. 34-13), and convenient measure¬ 
ments may then be made on one-half of the dipole. The impedance of the full dipole 
is twice the impedance of the half which was measured. 

34.8. RADIATION PATTERN MEASUREMENTS 

Conical, Vertical, £^-plane, and H-plane Patterns. The radiation pattern of an 
antenna is three-dimensional and requires field-intensity measurements over all 
angles of space. In taking radiation patterns it is therefore necessary to specify 
various space angles with respect to the antenna under test. Figure 34-14 describes 
the coordinate system in general use. The zy plane is the horizontal plane. Radia¬ 
tion patterns may be taken either along latitude or polar angle as a function of 
azimuth angle (these are conical cut patterns), or they may be taken along azimuth 
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angle as a function of polar angle (these are vertical cut patterns), depending on the 
application and information desired. The orientation in space of the E vector is 
arbitrary, depending on the polarization of the radiated field. For elliptical polariza¬ 
tion, more than one orientation of the E vector is desirable. 



Fig. 34-14. Ooordinato Ryatom for radiation-pattorn nioiiHuremontH. 

A complete sot of inwiHuronicritH obtained by the above inethoclH is often necessary 
for describing the radiation pattern of an ant<*nna rnounteil on an aircraft or other 
irregularly shaped objects. 

For most antonnjw with simply shaped ra<liatioii patterns, it is often necessary 
only to take radiation patterns in the xy and xz planes as shown in Fig. 34-15. In 
part a, the (0, - 0) patt(^rn is the ff-plan<5 patU^rn; the {B -» 90®, <^) pattern 
is the A-plano pattern. In part the Eo (fl, 0) pattern is tho E-pUxiia pattern 
while tho Eo {0 «■ 90®, <l>) pattern is tho //-plane pattern. 



Fki. 34-15. Hudiaiion patUrijH in the horizoiilal and vertical planes. 
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Antenna Radiation Pattern Range Requirements. In its simplest form, a pattern 
range will contain a transmitting source, an antenna under test, a mount for turning 
the antenna under test, and a detector for indicating the relative magnitude of 
received field. A setup of this kind is shown in Pig. 34-16. The equipment used 
may be completely automatic, may require a point-by-point plot, or may have many 
variations between these two extremes. In any case a number of important factors 


TRANSMITTING 



ANTENNA 



Fig. 34-16. Radiation-pattern-measuring setup. 


should be considered in order to be sure that the radiation patterns obtained arc valid 
and accurate. 

Diatarice, In order to obtain accurate far-field, or Fraunhofer, radiation patterns 
it is necessary that the distance between the transmitting antenna and the antenna 
under test be sufficiently large. If this distance is too small, then the near-field, or 
Fresnel, pattern is obtained. The Fresnel pattern is a function of the distance at 



RECEIVING 
ANTENNA 
APERTURE 

TRANSMITTING 
ANTENNA 
2 APERTURE 
PHASE DtFFERENCE=^ DEGREES = 8“ 

Fig. 34-17. Phase difference between center and edges of receiving array. 


which it is measured. For accurate far-field measurements the antenna under test 
should be illuminated with a plane wavefront. Since plane wavefronts are obtainabl(% 
only at infinite distances, some limits must be specified. A commonly spccifwid 
criterion is that the phase difference between the center and edge of the antenna under 
test shall be no greater than X/16. If this is the case, the distance shown for R in 
Fig. 34-17 is given by the equation 

2d* 
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The distance R is obtained in terms of d and fifrom geometric relations: 

(B + 8)« = ie» -H 

and 72* -f“ 2/25 3* ^ 72* -j- 

For 72 » 5 « d, 5* may bo neglected, and 

By replacing 5 with the allowable phase dilToreiico the recjuircHl li may he obtained. 
Reducing the diHtaiice 72 tends to give broader radiation patteriiH, higher minor lobes, 



Trd^/K 

Fn». ;i4-18. Distortwin of untenmi paltoni for four difTerent i>hjiH<* errors 6. 

and Hhallowor nullH bctwcuui lolxw, as shown in Fig, IVl-18 for four dilTonuit pluiHO 
errors 6. 

Uniform lUmninalion, li number of nito <?on<litionH eari eontribuU^ to a iionuniferm 
field at the antenna under test. In alinoni all ('aH<>H tlu^ condit.ion roHults in a 
reflection of tmergy which cniwcrH (\ycli« or irn^gular variations in fudd intoriHity. 
Figure JM-Il) shovvH the type of fudd variation that (uin occur in the vertical piano 
hc^cauHO of ground rcfltT.tioiiH. 

These inciiHurcznc'iitH w(ue tak(ui at the Walt.hain lifiboraU>rioH of Sylvania Flectrio 
Products, Inc., on the H7-ft pntU^rn raug(» picinred in Fig. 

If an antenna with a large v<Ttieal aperture were be illiiniinated in this manner, 
erratic and incorn^ct n^suItH would he obtained. V<triieal-pliine pattern taking is 
almoHt iinpoHsibh^ with szich a Hcdup. (irouml reflection ean Hoinetimes he avoided 
by mounting ih<» antcumfis high above tlu^ ground on towt^rn or making the trails* 
milting ant<‘nna mon^ highly <lir(^ct.ionnl in tlu^ vertical jdano ho iih to reduce the 
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Fig, 34-21. Conducting fences for shielding antenna from ground reflections. 








RADIATION PATTERN MEASUREMENTS 34-17 

amplitude of the reflection from the ground. Three other methods have been used 
with some success in overcoming the ground-reflection difficulty. 

One method utilizes a conducting fence essentially to shield the antenna under 
test from any radiation reflected from the ground. Care must be observed when 
using this type of fence that diffraction flelds from the edge of the fence will not affect 
the uniformity of the fleld at the antenna under test. The diffraction effect may be 
reduced by covering the top of the fence with microwave-absorbing material such as 
that manufactured by Emerson and Cuming, Inc., McMillan Laboratory, B. F. 
Goodrich Sponge Products Division, and others. The diffraction effect may be calcu¬ 
lated using Fresnel’s diffraction theory. 



X 

Fio. 34-22. Fiohl variation after iuHtallation of foiujca. 

Fences of this typo wore \m\d to correct erratic fiehl distribution at the Sylvania 
Waltham Laboratorios. The fcnccH are pictur<5d in P'ig. IM-21. Tho field variation 
after the foil cos were installed is plottcnl in Fig. 2*1-22. 

A second method whic.h has been employed with some huocjohh at tho Whippany 
and Holmdel test sites of tho Hell Telephone Laboratories is to use a flat range in 
order to utilize the ground rciflection. A typi<!al raiigo would ho l,‘l()() ft long and 
200 ft wide. It should ho grade<l to a flntiKws of ±2 in. and kept neat with grass, 
which is (dippe<l short. MiuiHureinonts taken at 11.5 kmc at the Holmdel range 
indicate that with tho trarisniitting antennas Al in. ah(>v<i the ground, the fu^ld is 
uniform within ± 14 db over a fiJ a-fl* aperture, which has its lower end at a 0-ft height 
abov(^ ground. 

A third method of avoiding the deleti^rious effect of ground relk^ctions is to have 
the range cover a length of irregular or rough U^rrain. The random rcdleetions tend 
to give a somewhat uriiforni illumination over larger vortiiuil apertures, IlayUsigh 
suggested a method for forimdating n relationship h(d.ween wavidengtli, surface 
roughness, and grazing angle. Using the llaylciigh crit(»rion, n surface is considered 
rough if the following relationship is true: 

h sin ^ 

where h ^ height of surfaci* irreguiaritic^H 
^3 grazing angU^ 

X — wavelength of inciilent \vav(^ 

Other sources of relleiHioris such as IniihUngs, power and telephone lines, and 
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fences should be eliminated by careful choice of site and beam width of the illuminating 
antenna. 

In any event, it should be considered axiomatic to explore the test site to determine 
the field uniformity over the test-antenna aperture. Variations of 5 per cent are 
not considered serious for most applications. 



I2CM TYPE ABSORBER PRODUCTION SAMPLE 

PERFORMANCE VS. ANGLE OF INCIDENCE 
POLARIZATION AND WAVELENGTH 



Fig. 34-23. Characteristics of microwave-absorbent material. 

Antenna Darkrooms, A great amount of radiation-pattern work is performed on 
antennas which are small enough to satisfy the R > 2d*/\ requirement when R is of 
the order of 20 ft or less. It is very convenient in this case to have use of one or 
more indoor ranges. All problems previously discussed are repeated many times for 
the indoor operation- The solution that has proved most satisfactory involves the 
construction of anechoic rooms using microwave-absorbing material for the walls, 
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ceiling, and floor. This material, which has less than 1 per cent reflection, will provide 
excellent results for many radiation-pattern problems. A room 16 ft high by 20 ft 
long by 16 ft wide will accommodate a wide range of antenna sizes and cover a broad 
band of frequencies. Typical characteristics of one type of absorbing material are 
shown in Fig. 34-23. 

Automatic Pattern Range Equipment. In order to make the most cfTectivo use of 
facilities and manpower, semiautomatic equipment is very often used in the instru¬ 
mentation of radiation-pattern ranges. The mount which is used for rotating the 
antenna under test may be driven by means of a variable-speed d-c motor which 
can be controlled by utilizing a variable-voltage rectifier unit. The output shaft 
of the test mount is geared 1:1 and 36:1 to two synchro generators. The output of 
these generators is connected to a 1:1 and a 36:1 synchro-control transformer in the 
recording equipment. The control transformer provides the servo system in the 
recorder with the information reciuired to position the recorder turntable and to 
follow the rotation of the test mount. 

A number of recorders specifically designed for use in talcing radiation patterns 
may be purchased commercially. 

Some of these recorders arc supplied with integral chart-positioning servos which 
will operate when supplied with synchro information; others have constant-speed 
motor drives; others are positioned by means of an input d-c voltage proportional 
to angular position; and so on. The recorder which best suits a particular application 
will depend on many factors, in addition to consideration of positioning methods. 
These factors include pen speed, chart angular scale, rcicorder dynamic range, type 
of presentation desired, i.c., field units (linear plot), power units (square-law plot), 
or decibel scales (logarithmic plot). For examining narrow-beam radiation pattesrns 
and their minor-lobe structures, a ‘lO-db logarithmic scale with an expanded chart 
display on a rcHitaiigular recorder gives a very satisfactory result. For conical-cut 
radiation patterns of hroad-boaiu or aircraft antennas, a polar recorder with a linear 
scale is desimhlo. 

Examples of broad-beam riidiution pattornH taken with a rectangular recorder 
with a 4()-dl) logarithmic Hcale and the same pattern with a polar rwsorder with a 
linear scale are shown in Fig- 34-2*1. It is noted that the iniiior-lolx'. structure is 
clearly visible on the logarithmic recording, while on the limwir recording very little 
accuracy cun be ol)taiiied below 12 db or so. 

Transxnitting-antenna Requirements. The re(juir<unenis for iruiminitling antennas 
whi(di are used for taking radiation patterns will deixuid t.<> some extent on the partkni- 
Inr application, but some generalities can he giv(»n. In order to minimize the phase 
(•rror of tlu^ antenna umler test, the transmitting ant-cuina or array shouUl have tis 
uniform a phases front iis possihh^ This in turn implies that it should have as high 
a gain jis possibles for the particsular pliysi<sal aperture that is UHe<l. The aritenna 
should 1)(^ linearly polarize<l and should he singly IoIkmI with iiinininnun nuinlxjr of 
minor lobes. The minor lobes sliouUl Ixs suHieienlly Icsss than the major lobe ho that 
their relUsctious from the ground aiul from oUut obj(»ets hav(5 a lu^gligihU^ elTtX'.t on 
the fudd at tins anUuina uruler test. Minor lolxss whi(sh ar<‘ 20 db lews than the major 
loh(% geiusrnlly will giv<s satisfucslory results if eari^ is <sx<M'e.is<s(l to reduee reflections 
to a ininiinum. 

The l)(*amwi(lth of th<i trausinitting antemias should be sullicieiitly wide and uni¬ 
form so that th(^ variation in fi<*ld strength over ihv ai>(*rt.ure and eirele of rotation of 
the antenna under tewt is no inor<^ than about j)cr rc*ni. 

For long pattern rang(w wlu^rcs high gain is desiral>le, narrow-beam transinitiing- 
autenna parabolic dislK^s arc v(»ry popular. For shorter ranges where broader Ixuuns 
are lu'eessary, arrays of dipoUw and horns are commonly used. For convenience and 
versatility, broadband ridge horns have be(*n designed for transmitting neods. 
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Fig. 34-24. (o) Radiation pattern taken, on a polar recorder, (b) Radiation pattern taken 
on a 40-db rectangular recorder. 


34.4. GAIN MEASUREMENTS 

Definitions of Gain and Directivity. It is easy to visualize the difference between 
gain and directivity if one remembers tLat directivity is concerned only with the 
comparison of a lossless test antenna with a fictitious isotropic lossless source while 
gain compares an actual test antenna with any particular reference antenna. The 
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actual defining relationships are 


Gain 

Directivity 


maximum radiation intensity (test antenna) 
maximum radiation intensity (reference antenna) 
maximum radiation intensity 
average radiation intensity 


It is assumed that in the equation for gain, both antennas have the same input power. 
Also, in this equation the values of radiation intensity are generally obtained by a 
measurement of field intensity or power density. In the equation for directivity, 
the values of radiation intensity arc obtained only in a relative manner from radiation 
patterns. Since the gain of an antenna is always equal to or less than its directivity, 
then® 

(to =* otD 


where Go = gain with respect to isotropic source 
D = directivity 

a = effectiveness ratio (0 < « < 1 ) 

Also Oo " yO 

where G => gain of Hubje<!t antenna over arbitrary reference antenna 

y “ gain of arbitrary reference antenna over isotropic antenna (1 < 7 for 
loRsloHS antennas) 

Direct-comparison Method. Since gain is defined as a comi>arison of two antennas, 
a comparison method of measurement is a logical approach. Hguro 34-25 shows a 


ANTENNA UNDER TEST 
OR STANDARD ANTENNA 



^ARBITRARY TRANSMITTING 
ANTENNA 

PRECISION CALIBRATED 
variable ATTENUATOR 




MODULATOR 


'^DETECTOR 


POWER 

BRIDGE 


NOTE: WHEN CALIBRATING TWO IDENTICAL ANTENNAS, THE RECEIVING AND 

TRANSMITTING ANTENNAS SHOWN ARE REPLACED BY TWO IDENTICAL ANTENNAS. 

Kio. •Vl-if). Set>U|) for tiK*aHiir(Mn<*iit of giiiu by <'oinpiii*itioii iix'Mtod. 

typical H(dui) for tin* in<*aHur<»nu*nl of gain, 'riie fiudluxl for <lcU*riniiiing (.he gain of 
tlu^ standard which is us(mI in the iti(M(.Hur(Mnetit is given laltT in this Hctdion. In 
()r<l(‘r to he sure of t lni validity of tiu* resultn, it in ii(*c(^HHary t.o Hiq)arate the Htandard 
from the Hul>j(Mit antenna hy an appropriate diHiaruaMn (u-der to prevent interaction. 
The distances h(dw(*cn tninsniitting nnd receiving antennas whould Hatisfy the Ji ^ 
2(l^/X rcdatioiiHliip. UtdhudioriM from nciirhy obj(*ct.H shonhl hc^ rc<luc<Ml to a ininimiiin 
through care and the of ahsorbiug niaierittln. 

Tlu^ attenuator i>a(lH should he inH<‘rte<l at the input to the reeeiv(*r so ihnt both of 
t henaUmnas work into a matched load and the rendvi'r sees a eorislant iniitehed load. 
The power bridge* or otlier pow(*r-level inelieating device* is UHe<l iih a eheek on the 
stability of the* tnuusinitler. (V)iTe*etie>ns may e'asily Ik* inaelei if tlu^ power level 
e*liangeK, proviehMl it is tne>nite>re*el. (tain is eddaineel in llie following tnamior. 
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With the standard antenna connected to the receiver, the antenna is pointed in 
the direction of maximum signal intensity. The input to the transmitting antenna 
is adjusted to a convenient level, and the reading at the receiver for this level is noted. 
The attenuator-dial setting and the power-bridge reading are recorded as Wi and Pi, 
respectively. The antenna under test now replaces the standard antenna. The 
attenuator dial is adjusted until the receiver reads the same previous level. The 
attenuator-dial setting and the power-bridge reading are recorded as PTs and P 2 , 
respectively. If Pi = P 2 , then no correction need be applied and the gain of the test 
antenna relative to the standard antenna is 

Power gain = ft * ^ 

YVi 

that is, if and Wi are relative power levels. 

Also 

Decibel gain = Otd = Wi — Wi 

where Wi, Wif and ftd have values in decibels. If the power level has changed 
between measurements and P 2 9 ^ Pi, then the actual power gain is obtained by 
multiplying ft by the ratio of Pi/Pi. Thus 

Povergam-G=G4;-^; 

if Wi and Wi are relative power levels. 

Converting Pi/Pt to decibels, the following is obtained: 

Pi = 10 log ^ 

and Decibel gain = ft = ft d -j- Pd = Tf 2 - Wi H- Pd 

where Wi and Wt have values in decibels. 

Errors in measurements of this type are due mainly to the following factors: 

1 . Eeceiving and transmitting antennas are too close together and thus arc not 
in the *Tar zone.” 

2 . Eeflections from ground and nearby objects interfere with direct radiation. 

3. The antennas involved are not oriented for maximum reception. 

4. The equipment may drift off frequency, or if a nonselective detector such as a 
bolometer is used, there is the possibility of receiving more than a single frequency. 

5. The antenna under test is badly mismatched. (Note that inherent antenna mis¬ 
match losses affect the operational gain figure. External matching dcvic^es <^aii rculuce 
the mismatch loss, but if not used in actual operation, an optimistic value of gain will 
result.) 

Use and Calibration of Gain “Standards.” In the previous section use was made 
of a standard antenna for determining gain by the comparison method. However, 
the standard referred merely to an antenna with known or calibrated gain. The 
standard antenna could have been any other antenna with which the test antenna 
could be compared. It must be remembered that the precision of the results is 
determined to a large degree by the precision with which the gain of the staiuUinl is 
known or can be obtained. 

The calibration of a standard-gain antenna may be accomplished by one of the 
two methods described below. The first method involves the use of only two anten¬ 
nas; these antennas, however, must be identical. The second method involves three 
arbitrary antennas and provides a method by which the gain of each may bo deter¬ 
mined without prior knowledge of the gain of any of them. 
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First method. Two identical antennas (Fig. 34-25) are separated by a distance E, 
The distance R should be sufficiently large so that small errors ia its measurement 
have a negligible effect on the result. In addition to this, E must be large enough to 
satisfy far-zone requirements. Wt is the transmitted power, and Wr is the received 
power, with the receiver approximately padded for impedance-matching purposes. 
Atr and Aet are the effective apertures of the two antennas, and Aer ^ Aet. 

Then 


Aet 


47r 


and from Friis’s transmission equation. 


so 

Wr AerA.r 

Wt “ 

Wr 

Wt {AirRy 

and 

^^TtR fWr 


The procedure for obtaining Wr and Wt is described below. 

With the antennas oriented for maximum signal, the input to the transmitting 
antenna is adjusted to a convenient level and the receiver reading is noted for this 
level. The attenuator-dial setting and the power-bridge reading arc recorded as Wt 
and Pti, The transmitter is now disconnected from the antenna and is connected 
to the receiver through the pads. The attenuator dial is adjusted until the receiver 
reads the same previous level. The attenuator-dial sotting and the powor-bridgo 
reading are recorded as Wr and Pea. If Pci = Pc 2 , then no correction due to trans- 
mittor-power-level fluctuation need bo applied. The gain may then bo obtained 
from the equation for Oo above. If the power has drifted, an appropriate correction 
must be made. 

Second Method, If two identical antennas not avjtilahh^, the throo-antonna 
method for gain detemunation may bo used. In the first sot of iu<MiHun*.niontB, since 
Ooi Qoi, the following is obtained: 


and 





I^mcc'oding with tin* iiKMisurcnnuitH in tlu^ wiinc nm.iuior iih in tht" ahovii paragraph, 
the following exprcHHion roKults: 


Wr 

Wt 

and Vf/iiif/oj - 

The third unknown nuUuina with gain Gon w u.simI to ohtain tlx' ratio of gain between 
aiitonua 1 and aiihuinn 2. hitting (ri aiidr/s ho th(* gain of ntiUuiniiH 1 mid 2 over 
antoima 3, obiaiiicd by uning tin* (rom pnriHoti inc'tliod, t hen 

Oi 

(h 

Chi 


and 


a 
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Substituting, 

Therefore 

Also 

and 


<?'G^02 




iGi^ , _4 tR IWr 

_ i^B.lWrff, 

Go,- — 

~ X ^w,o, 

/J Oqi Ooi 

~ Gi ^ Oi 


Thus the gain of three antennas is obtained without previous knowledge of the gain 
of any of them. 

Sensitivity. The sensitivity of a system which utilizes an antenna for its input 
is of interest especially in those situations in which detection occurs at the antenna 


ANTENNA USED WITH 
SYSTEM UNDER TEST 



STANDARD ANTENNA 



Era. 34-26. System sensitivity mcasuroment. 


terminals. In this case, however, the impedance of the antenna and its gain arc 
actually without meaning, since in performing gain or impedance measurements the 
detector characteristics are missing from the meaBurements. 

It is more direct to determine the field strength at the antenna for a particular 
system indication. The result would he system sensitivity in terms of power density. 
Assume that an antenna of known gain Go is separated from the antenna under test 
by a distance R, The antenna under test is connected to its detector and indicating 
system as shown in Fig. 34-26. The appropriate far-zonc and rofleet-ion precautions 
must be taken. The input to the transmitting antenna is incrooHod or decreased, 
depending upon system operation, until the desired indication appears in the system 
under test. At this point the power Pt into the transmitting antenna is det(^rniin<Ml 
by measurement, and then Pq is equal to the following: 


Po 


PtGo 

47r/e* 


where Po is in watts per square meter if R is in meters. For the particular system 
operation performed, Po is system sensitivity. 

Directivily. Directivity was previously defined as follows: 

T-v. maximum radiation intensity 

average radiation intensity 
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or 

D =» 

Also 

D = 

where 

W « 


Uo 

_ 4yC/m _ 

total power radiated 
4irUo = total power radiated 


Although many references give only a theoretical approach to the problem, direc¬ 
tivity may be obtained from an examination and integration of antenna radiation 



Fi«. ;J4-27. Radiation pattern (linoar-ficld plot). 

patterns which liavo been taken (a IoshU^hh antenna is assumed). Relative values of 
maxiinuin radiation intensity and total power radiated are required rather than 
absolute values. 

Figure 34-27 indicates on<^ cut of radiation pattern from a particular antenna. 
In order to determine IV, an infinite number of cuts are recpiired tinless an assumption 
is made with regard to tli<^ maximum radiation inteiwity discussed below. 

Since 

\y = A'J7F«(0,0) sin 0 dO d<t> 

wher<i F relative held inU*nsity 
B » polar angle 
^ ■■ azimuth angle 
Jt H pmportionality <!onHtant 

if it is assumed that tlu‘ maximum radiation intensity is ecpial to I, then 

\y » sin 0 dO 

For simplicity, it is also assunu‘d that then^ is no variation with r(mp(u*.t to 0. Then 

i) „ ^ 

•2ir j’ /'’* (9) Hill 0 do Hi” « dO 

Tho intcRration iii<Uca»<Hl in Uio dwioiniiiator niay Ih! porforinod numerically or 
graphically. Tho Kraphical procedure ncaiuHltaUiH a plot of sin S versus 9. 

This is shown in FIr. Tlio area <if this plot may 1 w obtained by UHinfi a planim- 
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eter or by any other applicable method. The resulting area is equal to 0.0647r, and 


D 


2 

0.064t 


9.94 


84.6. PHASE-FRONT MEASUREMENTS 

For proper performance of certain types of antennas, especially those which are 
used to illuminate reflectors, it is desirable to determine contours of constant phase. 
From the contour information it is generally possible to determine the effective center 
of radiation of the antenna. This information is of importance in work with lenses 
and shaped reflectors. There are numerous variations of the basic method which 
are used for phase-contour determination. 

In its most rudimentary form the measurement involves the sampling of the 
radiated field of the antenna of interest and comparing the phase of this sample with 
a reference signal which is obtained directly from the signal source. By providing a 
means for varying the amplitude and phase of either the reference or the sampled 
signal, it is possible to mix the two signals and produce an easily recogniaablc inter¬ 
ference condition between them. The interference may he either a maximum or a 
null. A simple apparatus for performing this type of measurement is shown in 
Fig. 34-29. Modulated radio-frequency power is fed into the transmitting antenna. 
A sample of this power is fed through a matching pad and a variable attenuator to a 
crystal or bolometer detector- The transmitted energy is picked up by the dipole- 
probe antenna at a convenient distance. For most applications the distance should 
be sufficiently large so that the center of radiation may be determined with satis¬ 
factory accuracy. The level of the reference signal is adjusted so that it is approxi¬ 
mately equal to that picked up by the probe. The output of the probe is fed into the 
same detector. The probe carriage is moved radially with respect to the transmitting 
antenna until a null is obtained. This location is recorded. The probe is then moved 
a wavelength toward the antenna, to obtain another null, and a wavelength away 
from the antenna, to obtain a third null. These locations are also recorded. Moving 
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the probe slowly and carefully, one may follow the constant phase contour by following 
the course of the nulls. 

The above situation requires the use of a length of coaxial line for flexibility in 
performing the measurement. If waveguide must be used or if only a limited amount 



Fici. 34-20. Apparatus for phase-front inottHureinentH using null detection method. 



of fn^^doin of i)roh(^ inov<‘inf*nt is iivailahle, phawi contour may bo obtained with 
the aid of a sloi ted ion. In this the nderenec^ nignal is applied to the detector 
by ineans of a Hlott(‘d-lin(^ prob<» as sliowit in Kig. !M-3(). The fiedd probe is allowed 
to move only in a circular path, with the eeiitcr of the circle at the transmitting 
antenna. The ludl posilion in ol)tain(‘d at the initial position of the field probe by 
moving tlui slot.tcMl-linc probe along thn lino. The field probe is then moved in the 
prescribed path. At (uich iwint the Hlottcul-lino probe is moved to a now null position. 
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Ija torms of tlie sbtted-line probe shift, the phase change is given by 

=“xr 

The result of these measurements properly interpreted "will give the constant phase 

con-tour. 

In all these measurements it is necessary to ensure ■well-matched lines in order to 
pre-v-ent phase errors due to reflected energy. It is considered good practice to use 
tittenuator pads and/or well-matched components in order to satisfy the matching 
ro qiairements. 



Pio. 34-31. Phase measuremonts using hybrid. 


.A^ziother method which has been used with a great deal of success, especially when 
highly accurate measurements are desired, makes use of a coaxial bridge, or hybrid ” 
(Fig. 34-31). The signals to be compared are attenuated to comparable levels and 
fed into the bridge arms through a calibrated phase shifter. The outputs of the bridge 
will depend on the phase of the two signals. Specifically, if the balanced output is 
t<».rminated in a matched load, the remaining output will exhibit minimum signal for 
ihn in-phase condition at the input and maximum signal for an out-of-phaso condition 
Hit the input. By adjusting the calibrated phase shifter, either of these conditions 
may be obtained and the phase difference between the input signals may bo deter¬ 
mined. The detector to be used should be a tunable receiver with good sensitivity, 
for best results. 

A null detection method results in higher accuracy than a peak detection method, 
altbough either may be used. 

34.6. POLARIZATIOT( MEASUREMENTS 

For con-venience the polarization of an electromagnetic wave, whether linear, 
elliptical, or circular, can be considered to be some form of elliptical polarization. 
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Elliptical polarization can be considered the resultant of two linearly polarized 
waves of the same frequency. Using the coordinate axes shown in Fig. 34-32, with 
the positive z coordinate being the direction of 
wave propagation, the two linear waves can be 
specified as 

Ex = El sin («« — /3z) 
and Ey = E 2 sin («< - j3z + 5) 

where B is the phase angle between Ex and Ey. 

Combining Ex and Ey into the resultant total 
field Sj we have 

E ^ iE I sin (at — jSz) + jEi sin — jSz -h 5) 

If any particular value of z is specified and if the 
value of S is then calculated versus time at the 
specified z, it is found that E will describe an 
ellipse for Ei 9^ E^j S will describe a circle for 
El « E 2 with B = 90°, and E will describe a 
straight line for either Ei = 0 or E 2 “ 0, or 
S - 0° or 5 - 180°. 

Elliptical polarization can also be considered to bo produced by two circularly 
polarized waves, as shown intuitively in Fig. 34-33. If the vectors for the two 
circularly polarized fields are specified as 

Eccre = 

and Ecu, = 

then the components in the principal planes can be shown to be 

Ex = Ei cos (o)l - j3z) -h Ei cos {cat — ^2 + 5') 

Ey “ Ez sin {cat — jSz) — Ei sin {cat - + 5') 



Fig. 34-32. Perpendicular linear com¬ 
ponents of an elliptically polarized 
wave. 
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I’ui. 34-33, Two circularly i)C)liirlzc(l waves rcBulting in (‘lliptical polarization. 
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For a particular value of it can be shown that E will describe an ellipse for Fs ^ Ea, 
E will describe a circle for E\ — E% with = 90°, and E will describe a straight line 
for = 0 or -^2 = 0, or 5' = 0° or 3' * 180°. 

In general, the polarization ellipse is tilted in space with respect to the coordinate 
axes. This tilt angle, defined by Fig. 34-34, may be calculated by using the following 
equation: 

2 E 1 E 2 cos 3 
^ ” Fi* - E2* 


A quantity which is very often of interest when dealing with elliptical polarization 
is the “axial ratio,“ or “ellipticity” of the radiated energy. Another quantity that 



Fig. 34-34. Tilted polarization ellipse. Fig. 34-36. Polarization pattern and ellipse. 


is less common but desirable, especially in broad-beam work, is the “polarization 
ratio.” Axial ratio and ellipticity refer to the ratio of the major axis to the minor 
axis of the polarization ellipse taken on the axis of the beam in question. Under 
some specific conditions of antenna configuration this same ratio will apply over the 
entire beam. Generally, however, in the design of eUiptically polarized radiators, 
it is necessary to form a resultant eUiptically polarized wave from two linearly polarized 
waves oriented at 90° to each other in space. Unless the JB-plane radiation pattern 
of each linearly polarized radiator is the same as its H-plane pattern, the axial ratio 
will in general apply only to the “on-axis” part of the beam. The polarization ratio, 
which is defined as the ratio of the major axis to the minor axis of the polarization 
eUipse at any angle in the beam of the antenna, can be used to describe the elliptu^al- 
polarization characteristics of an antenna very completely. 

Antennas in which this type of treatment is necessary for a complete dew^ription 
include the following: helical antennas, crossed-dipole antennas, double-ridge horns, 
crossed-loop antennas, and so on. 

In order to make the fullest use of any polarization measurements that are made, 
it is necessary that the results be shown in an easily usable form. By means of 
polarization measurements of the radiated wave, it is possible to determine what 
changes have to be effected on the antenna in order to obtain more perfect circular 
polarization. The method of plotting polarization measurementH which utilizes the 
Carter transmission-line chart is highly recommended. This is dcs(^ribed later in 
this section. 

The three methods which arc used for measuring the polarization (^harac^teristics 
of a wave are: 

1. Polarization-pattern method, in which the polarization and direction of rotation 
of E are determined 

2. linear-component method, in which the amplitude and relative phase of two 
perpendicular linearly polarized components of the wave arc measured 

3. Circular-component method, in which the amplitude and relative phase of two 
circularly polarized components (of opposite rotation) of the wave arc measured 



POLARIZATION MEASUREMENTS 


34-31 


Polarization-pattem Method. A linearly polarized directional antenna, mounted 
so that it can be rotated, is connected to a detector which is calibrated to read relative 
field intensity. As the linearly polarized antenna is rotated, the signal received 
from the elliptically polarized antenna traces out a polarization pattern of the type 
shown in Fig. 34-36 in the solid line. The dotted line represents the polarization 
ellipse. 

The direction of polarization may be obtained quite simply by comparing the signal 
received by two circularly polarized antennas, one being polarized clockwise, the 
other being polarized counterclockwise. The antenna with the larger response would 
be the one with the proper polarization rotation. 

In the limiting cases of circular and linear polarization, the polarization pattern 
would degenerate into a circle and figure of eight, respectively, and the polarization 
ellipse would become a circle and a straight lino, respectively. 

Linear-component Method. The linear-component method utilizes two linearly 
polarized antennas which are identical. One of these antennas is horizontally 
polarized, and the other antenna is vertically polarized. The ratio of these two 
received signals is or E\/E%, whore 

Ex * El sin (cat — jSz) 

and Ey ■= E 2 sin (<at — S) 


The phase difference 5 between these two waves may be obtained by using a slotted- 
line phase nioasuremcnt of the type described in Sec. 34.5. The direction of rotation 
is clockwise for 0 < 8 < 180° and is counterclockwise for 0 > 5 > —180°. 

The angle of tilt of the ellipse may be determined from the following equation: 


r 


^ arctan 


2jS^ijSfa cos B 
— ^2* 


Circular-component Method. In order to utilize this method, one must have 
available two circularly polarized antennas of opposite polarization rotation but 
otherwise identical. Ix^ft- and right-hand helical anUmnas with multiple turns may 
be used. 

The relative signal received by the eounterclockwise-polarization-roiation antenna 
El and that received by the clockwi8c-polarization-n)tation antenna Eh are sub¬ 
stituted ill the following equation to obtain the axial ratio: 


AH 


Eh + /g/. 
Eh- El. 


If the value of AH is p()Hitiv(‘, then the wave is iM)lariz(Ml (dockwise; if n(‘gativ<s the 
wave is polarized couiitereloekwise. The angle of tilt of the polarization ellipse may 
be determined by using a liiuuirly polarize<l antenna. 

Comments on the Three Methods of Measuring Polarization. Of the various 
methods proiwised for measuring elliptieal polarization, t.he last on<^ desc^ribod is 
actually the most diflieult to perforin accurately. The n(*<Ml for t.wo circularly 
polarized antennas which an^ i(i<‘niical, especially wlum it is lU'cessary t^) cover a 
broad fr(‘<iuen(*.y band, is tlu^ primary difliculty. Then th(‘re is the necessity of going 
to a linear ehunent. to d(‘terinin(‘ the value of r. 

Th(‘ first an<l siu^ond nu't hods are act ually epuh' similar to (*ach oth<*r and arc nu'.oin- 
tnended for g<‘neral use. AnotluT method, making uh<^ of a continuously rotating 
lin(‘arly polarizc'd antiuma for comphdi* polarization information, cannot bo surpasHcd. 

In g(‘neral, it is nuudi simph'r and <iuieker when axial ratio is <l(*sir(Hl to combine 
the polarizat.ion-pat.t(‘rn nudhod and the linear-component irnddiod to obtain polariza¬ 
tion information. The following procedure is UH<ul: with a single linearly polarized 
<lir(»ctional anhuina mount'd so that it may be rotatiMl about its axis, determine the 
relative inugnitudes of t.lu^ v(^^ti(^ally and horizontally polarized received signals and 
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obtain the angle of tilt above the horizontal of the polarization ellipse. Thus Eij 
and T are obtained. It is now quite a simple matter to determine the phase difference 
from the following equation: 


cos S 


{El* — Ej^) tan 2r 
2E1E2 


Plotting of Polarization Information. A number of charts are available for use 
in plotting polarization information. The Carter chart is one of the best for this 
purpose provided that the proper identification is used for the scales. 

The chart (Fig. 34-8) is a transmission-line chart on which are plotted lines of 
constant phase indicated by the horizontal scale which reads from —90 to 0 to -1-90°, 
lines of constant impedance magnitude indicated by the vertical scale which reads 
from 0 to 00 , and line length toward the load indicated by the outside scale which 
reads from 0 to 180® in a counterclockwise direction. 

The chart may be used for circular or elliptical polarization plotting by using the 
scales for counterclockwise-approaching elliptical polarization as follows: 

1. The outside scale reading from 0 to 180° gives the angle of tilt of the polarization 
ellipse; 0° is vertical (linear) polarization, 90° is horizontal (linear) polarization; any 
point located at the outer circle is linearly polarized at the particular angle specified 
by the point. 

2. The angle of tilt of the polarization ellipse measures counterclockwise from the 
position where the major axis is vertical. 

3. The vertical scale is the ratio of the horizontally polarized signal to the vertically 
polarized signal. 

4. Calling By the vertically polarized component and Ex the horizontally polarized 
component, then for counterclockwise-approaching circular polarization, if By lags 
Ex by 90°, then 5 = -90®, and if Ex leads Ey by 90°, then h = -90° (5 is positive for 
Ex lagging and negative for Bx leading), S being the phase difference between Ex 
and Ey. 

5. If the horizontal scale is called 6 , then 5 « e — 90° and Ex leads Ey by the 
resultant of 5 =» d — 90°. 

6. The axial ratio, or ellipticity ratio, is given by circles of radius equal to the lower 
haK of the vertical scale. 

7. When a plot is made of polarization vs. freqiiency, the chart may be used to 
compensate the antenna in order to obtain the required axial ratio, or ellipticity ratio. 
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36.1. INTRODUCTION 

Ant(Miiui systc'ins (•()V(*r a wide range of sizes, varying from low-freciuency antenna 
systems which re<|uire many acTcs of groiind to inilliim*t<‘r-wav<^ antcuuuis which are 
small enough to ludd in oner’s hand. lt(*gar<lless of size, it is invariably true that 
the mechanical (h^sign of an ant<*nna is elos(dy link<xl with its el<M*.trical design. While 
the anUrnna (uigiiu'cr ne<*(l not be a nuuduinical <‘.ngin(X‘r, he should have some appre¬ 
ciation of m<xd»anical probhuns if b(^ expects his <dectri(uil design to bo translated into 
a workmanlike struetun^ wbi<di will withstaml the environnumt in which it is placed. 

Tall ant.(‘.nna towcu-s aiul larger r(dle<d,or systenns arc^ gcmcTally erected by construc¬ 
tion firms whi(di sptx'ializ(^ in th(\s(^ st.rue.tun^s, so that the average antenna engineer 
will not be concerned with their imxdianieal design. 

IIowev<^r, many antennas and fet^d systems which operate in the VHF range and 

36 1 
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upward are constructed as packaged units. For this type of structure, the electrical 
and mechanical designs are often so closely interlocked that the mechanical require¬ 
ments play an important role in the electrical design. Here it is essential that the 
antenna engineer be familiar with materials and methods of fabrication. This 
chapter will review some of the recent advances in these areas with the hope that tlui 
antenna engineer will look more deeply into these problems in order to improve the 
effectiveness of his designs. 

A treatment of stress computations has not been given here because this topic has 
been treated at great length in a number of handbooks and texts on strength of 
materials. It should be mentioned, however, that the mechanical forces to which 
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an antenna is subjected in use are primarily wind loading, icc loading, and vibration 
stresses. Some idea of the magnitude of wind-loading forces can bo obtained from 
Fig. 35-1. Forces on a cylindrical tube can be estimated by using the correc.tion fa<d.c)r 
for a flat plate. Ice loading increases the stress on a structure because of th<^ in¬ 
crease in area presented to the wind and because of the additional weight due to th(^ 
ice loading (approximately 57 Ib/cu ft). 

36.2. MATERIALS 

The use of any material is conditional on the environmental and mechanical RtrcHH<‘H 
to which it will be subjected. The military specifications pertaining to environmental 
use are without question the most exacting, but one should be doubly careful of th(^ 
phrase commercial use.” The air around us is filled with fumes from the stacks 
of industry, the chimneys of homes, and the exhausts of automobiles load(«l with 
corrosive gases and dirt. Those fumes plus the forces of nature will coinpletti the 
speedy deterioration of any improperly chosen material or finish. The pressure of 
competition has forced most of the suppliers of materials and procojssing servi<^es to 
equate their products and services to known standards of serviceability under a wide 
range of environmental conditions. Laboratories are maintained by both manu- 
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facturers and buyers to evaluate, under specific environmental conditions, services 
and products and to seek out means of improving them. In the exploration of outer 
space entirely new environmental conditions have been encountered. Belts of radia¬ 
tion that lie in the weightless, heatless void beyond our atmosphere will adversely 
affect materials and finishes. It will be years before the full extent of these changes 
to material and finishes will be known. The effects of total vacuum and high- 
intensity ultraviolet radiation will in due time become known. Simulated conditions 
in the laboratory plus information from our space probes will provide the bstsis for 
present material choice. 

The most common chart, found in textbooks and manufacturers’ literature and 
prepared by private and governmental testing laboratories, is known as a “properties 
chart.” On the basis of information contained in these charts, better than 95 per cent 
of materials used in antenna design are chosen. We have reproduced only a limited 
number of those charts for use in this Handbook. The availability of such charts 
plus the continual changes being made in them make it desirable to acquire the latest 
charts as they are released. We shall attempt to highlight, in the following descrip¬ 
tion of the various materials, their properties suitable to antenna construction. 

Metals. The number of new metals available in recent years has increased steadily. 
New methods of extraction and processing have brought the rare metal into greater 
use.^ The push to develop stronger heat- and corrosion-resistant materials has 
brought about the superalloys, ultrastrength steels, and special alloys of some of the 
well-known metals.® Most of these metals fit into the design of outer-space vehicles 
or nuclear reactors rather than in a conventional structure. A number of new or 
special alloys do, however, fit into antenna design. The most promising is titanium, 
120,000 to 180,000 psi in tensile, weighing half as much as steel. It can be integrated 
into an aluminum structure at discrete points, providing high strength and stiffness 
without serious increase of mass. Titanium has a high relative resistance of 47.8, but 
can bo plated successfully for use in r-f transmission linos, etc. The new beryllium 
coppers® and heat-treating techniques have improved the design of sliding contacts 
or fingers of all kinds. 

Copper, brass, and aluminum* are still the most important metals in antenna con¬ 
struction today. Where weight is not of prime importance, brass and copper are 
used extensively. These two metals machine, solder, and plate so easily, with little 
or no special equipment., that they are the favorih^s of the model shop and production 
shop alike. Complicatcvl asHemblies can be bxiilt with pra(*.ti(^ally no r-f discontinui¬ 
ties due to contact between parts. Aluminum e(|uals or Hurpasses both copper and 
l)raHB in all counts <^x<^ept ])lating. Although it re(iuireH specdal ecpiipinent to weld 
alumin\im, the versatility and (piality of the techni(pie are comparable with that of 
steel. Sp<^(^ial <'are must be takc^n in the choice of houk^ alloys when welding is con- 
tcunplated. The wcddabilit.y is givcm in Table 35-1 along with some other important 
properties of some commonly used metals. 

Plastics. The increased use of rcnnforced plasth^s*^ in antemnas as a structural 
maU^rial is a result of th(^ improved tiudiniques of laminating and the use of complex 
rc^sin systems. Th(^ design<‘r should be cautioncMl that, critical structures, fabricated 
by hand lay-up using vacuum, pressure-bag, or inatched-die tcudiniques, mutft bo 
type-t(^st(^d. They should be given tests to detcrmin<» th<dr strength throughout the 
entire molding. This can best be accomplishc<l by cMitling the molded part into many 
pieces and testing it pie<^e by piece. In the cjise of a rmloims th(^ part must be clieckod 
for loss tangent (dissipation factor) and its cffc'ct on th(‘ transmission characteristics 
of the antenna. Two mold(*d parts <»f the exact sanu* shap<*, cloth, resin, and weight, 
but using differ(‘nt t(M'hni(iues of lay-up and pressure, can have both electrical and 
structural properties that vary by 40 to 50 per cent. With the use of roinforcod 
plastics, it is now possible to cut weight, maintain greater surface tolerances for a 
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Table 36-1. Typical Properties of Some 





Physical properties 

Type or class 

Name 

Composition, 

percent 

Den¬ 

sity, 

Ib/ou 

in. 

Melt¬ 

ing 

point, 

Thermal 

oonduo- 

tivity, 

Btu/ 

(hr) 

w 

C*ooflB- 
cient of 
thermal 
expan¬ 
sion 
per®F 

Electrical 

rcsis- 

tivi^ 

(68®I0. 

microhm- 

om 

25 

Gray iron, oast 


}.26 


24r34 

5 X 10"« 

60-200 



Standard 32510 

Malleable iron, oast 

C 2.3-2.7, a 1.5-0.8, 
MnO.55 max. P 0.18 
max, S 0.2 max 

0.269- 

0.263 


20.5 

at80“F 

6.6 X 

io-« 

32.0 


Wrought iron, hot-rolled 

C < 0.02, Mn < 0.02, 
Si trace, P 

0.005, S 0.02 

0.278 

2760 

34.5 

7.4 X 
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AISI C1020 

Low-carbon steel 

Hot-rolled 

Cold-worked 

C 0.18-0.23, 

Mn 0.30-0.60, 

P 0.040 max, 

S 0.050 max 

0.283 

2760- 

2776 

27 

8.4 X 
10-8 

14.3 

AISI C1040 

Medium-carbon steel 

Hot-rolled 

Cold-worked 

Hard and tempered 

C 0.37-0.44, 

Mn 0.60-0.60, 

P 0.040 max, 

S 0.050 max 

0.283 

2700- 

2760 

27 

8.3 X 
10-8 

19 

AISI C1060 

High-oarbon steel 

Annealed 

Hot-rolled 

Hard and tempered 

C 0.55-0.66, 

Mn 0.60-0.90, 

F 0.40 max, 

S 0.50 max 

0.283 


27 

8.1 X 
10-8 

18 

AISI B1112. G1212 

Free-cutting steel, l-iii.-diam. 

C 0.13 max, Mn 
0.70-1.00, P 0.07- 
0.12, S 0.17-0.23 

0.283 


27 

8.4 X 
10-8 

14,3 

AISI 303 

Austenitic stainless steel 
Annealed 

Cold-worked 

C 0.15 max, Mn 

2 max, P, S, or 

Se 0.07 min, S 11 
max, Cr 17-19, 

N18-10, Mo or 

Zr 0.60 max 

0.29 

2650- 

2590 

9.4 

9.9 X 
10“8 

72 

AISI 430 

Ferritic stainless steel 

Annealed 

Cold-worked 

C 0.12, Mn 1.00, 
a 1.00, P 0.04, 

S 0.03, CR 

14.0-18.0 

0.28 

2600- 

27ZQ 

15.1 

6.8 X 
10-e 

60 

AISI 416 

Martensitic stainless steel 
Annealed 

Hard and tempered 

C 0.16 max, CR 
12-14, P, S, or 

Se 0.07 min, 

Mo or Zr 0.06 max 

0.28 

2700- 

2790 

14.4 

6.8 X 
10-8 

70 

1100 

Aluminum alloy, wrought 
Annealed 

Half-hard 

Al 99.0 min 

0.098 

1190- 

1216 


liix 

10-8 

2.92 


Hard 






3.02 
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Mechanical proporties 


Imbricating properties 


Modulus of Tensile Klon^ Shear 

elasticity strong, tion (in Hardness strength, 
in tension, 1,000 2 in.), (Brinell) 1,000 

PHi psi % psi 


Weldability 


(lorrosioa rcabtanoe 


14X10« 27-33 206 

13X10« 26-30 190 37 

11.6 X 10* 20-24 176 


26X10» 60-62 10-18 110-146 45-48 


20.6 X 10« 48 30 


29-30 

X 10« 06 

78 


29-30 

X 10« 01 27 

100 17 

113 ^ m 


X KH 

106 

20 

192 


no 

17 

211 


IflO*- 

12 

321 


2gX 10« 80 -106 12 22 103--I 


90 60 100 

110 30 240 


Resistant to strong sulfuric 
40-110 Yea Yea Yea acid, cold concentrated phos- 
phorio and nitric acids. At¬ 
tacked by dilute sulfuric, phos¬ 
phoric, and nitric acids. Re¬ 
sistant to sodium hydroxide, 
soda ash, and ammonia. 

120o No No No Resistant to atmospheric oor< 

rosion in rural, industrial, and 
marine atmospheres; fresh and 
salt waters. 

60^ Yea Yes Yt‘8 Current improved wrought iron 

has at least 25 per cent greater 
corrosion rosistanee than former 
grade. 

60« Y(w Ych Y<*8 Rusted by oxygen and water at 

dOa room temperature, rate of at¬ 

tack increasing sharply as pH 
goes above 4 and decreasing 

....Mow a pH of 8. Dilute salt 

solutions increase corrosion 

. Yes Yi^ Yes rate. Attackod by acids in 

96<> general, but satisfactorily re< 

65> sistant to alkalis at normal tem¬ 

perature. Corrosion rate in 
ordinary rusting not appreciar 
bly affootod by carbon or alloy 
content or by cold-working. 

Rost when brought into contact 
63 No No No with moisture and air at room 

. temperature; rates not appreci- 

. ably alFooted by carbon con¬ 
tent. If salts are present, 
eorrosion rate is increased. 
Attacked readily by acids, but 
n^Histant to alkalis at room 
tein{)oraturo. 


100 

Yw 

Yew 

Yew 

Fair 

Yew 

Y'we 

Yes 


Very good atin(wphorc r(*8iHt- 
aneo; some resistance Hucririced 
for betU^r mairhinability. 


lOxcollent resistanee to weather, 
water; good resistance to most 
chemicals. 


(hMxl reHistunce to Wfmtlierand 
water; also good resiHlunoe to 
some chemicals. 


13 

36 46 

23 

9 

18 

9 20 

32 

11 

24 

6 16 

44 

13 


High resistance to rural, indus¬ 
trial, and marine atmosphere. 
(tood resistanen to most neutral 
or nearly iioutral fr(wh waters; 
M«a water, organio acids, 
and anhydrides. Alcohols, al¬ 
dehydes; esters; ketones; oils: 
gasoline; greases, waxes, and 
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Table 35-1. Typical Properties of Some 


Tjrpe or class 

Name 


Physical properties 

Composition, 
per cent 

Den- j 
sity, 
Ib/cu ] 
m. 

Melt- * 
ing 
point, 
•F 

I 

Coeffi¬ 
cient of 
thermal 
expan¬ 
sion 
per "F 

Electrical 

resis¬ 

tivity 

(OS"!*'), 

niicrohni- 

cm 









2024 

Aluminum alloy, wrought 
Annealed 

Heat-treated 

Cu 3.8-4.9, 1 

Mn 0.3<0.9, 

Mg 1.2-1.8 

D.lOO 

936- 

1180 

111.0 

12.6 X 
10“ 

3.46 

5.76 

4.93 

4.93 

6052 

Aluminum alloy, wrought 
Annealed 

Half-hard 

Hard 

Mg 2.2-2.8, 

Cr 0.15-0.36 

0.097 

1100- 

1200 

79.2 

13.2 X 

10 “ 

6061 

Aluminum alloy, wrought 
Annealed 

Heat-treated 

Mg 0.8-’1.2, 

S 0.4-0.8, 

Cr 0.15-0.35, 

Cu 0.15-0.40 

0.098 

1080- 

1200 


13.0 X 
10 “ 

3.8 

7075 

Aluminum alloy, wrought 
Annealed 

Heat-treated 

Zn 6.1-6.1, 
Mg2.1-2.9, 

Cu 1.2-2.0, 

Cr 0.18-0.40 

0.101 

890- 

1180 

70 (T6) 

12.9 X 
10“ 

6.7 (T6) 

356-T6 

Aluminum alloy, sand-oast 

ffi 6.5-7.6, 

Mg 0.20-0.40 

0.097 

1035- 

1135 

39 

11.9 X 
10 • 


Electrolytic tough-pitch copper 
Annealed 

Haid 

Cu 99.9 nun, 

0 about 0.04 

0.321- 

0.323 

1949- 

1081 

226 

9.8 X 
10 « 

1.71 


Deoxidised copper 

Annealed 

Hard 

Cu 99.9 min, 

P 0.015-0.040 

0.323 

1981 

196 

9.8 X 
10 • 

0.3 X 
10 • 

2.03 


Beryllium copper 

Annealed 

Hard 

Be 1.90-2.15, 

Co 0.20-0.36, 

CuM 

0.296- 

0.298 

■ 1600- 
1800 

100 

no 

4.82 

5.82 


Common bronse, 00 % 

Annealed 

Hard 

Cu 89.0-91.0, 

Znbal 

0.318 

1870- 

1910 

109 

10.2 X 
10“ 

3.9 


Yellow brass 

Annealed 

Hard 

Cu 63.0-68.5, 

Znbal 

0.306 

1660- 

1710 

67 

11.3 X 
io-» 

6.4 
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Commoaly Used Metals {CoiiUnued) 



Mechanical propcrticH 


Fabricating properties 








Weldability 



Tciudh* 1 

hllotlRil- 
tion (in 


Shear 





CorroHion resistance 

cIuHticity H 

triMiRtlt, 1 

llurdncHH h 

itmigth, 

Ma(;hm> 



Flee 

in tcnNioii, 
psi 

1,000 

pei 

2 in.), 

% 

(Brinoll) 

1,000 

ixd 

ability 

lon'h 

Inert 

arc. 

tricul 

rcHW- 










tivity 










( 

1 

1 

ithcr )Mitroloum derivatives; 
uninonia and ainnionium coni- 
pounds; nitric acid above 82%; 
iwntial oils: amides; nitro 
imramiw; coal-tar dorivativoa. 

llydnigcn peroxide; and many 
neutral a<iucnu8 inorganio salt 










solutions. 

10.0 X 10* 






1) 

11 

11 

I ligh resistance to rural atinos- 

27 

20 

47 

18 





phcrcH, fairly good resistance to 


70 (TS) 

18 (T3) 

120 (T3) 

41 (T3) 

A (f3) 




industrial utmospheros and iioor 










rpsistanco to iiuirino atmos¬ 
pheres and sea water. More 
susceptible to corrosive attack 
than other aluminum alloys. 










lloth degree and nature of the 
attack are greatly influenced by 










thc^rmal treatment. 

" ■ 





( tlHHl 

11 



rice 1100 Aluminum Alloy. 

10.2 X to* 

2H 

•!5-;io 

47 

18 

A 

A 

38 

10 14 

08 

21 







42 

7 8 

77 

24 















High rosistaiioo to rural atnios- 

10.0 X 10* 

IK 

35 (T t) 

25 

22 (T4) 
12 (TO) 

30 

12 


A 

A 

A 

pheres, good rosistanco to in¬ 
dustrial and marine atmos- 

05 (T4) 

24 (T4) 

li 





45 (TO) 

05 cro) 

30 (I’O) 

(T4, TO) 




pheres. Degree and nature of 
attack in other environ monts 
aro greatly influeuoed by hoat- 
treatniont. 



10.4 X 10* 






I) 

(5 

d 

(}(Xk 1 r(«istanoo to rural atmos¬ 

33 

17 

00 

22 

A'(fO) 




pheres but attacked by indus¬ 


83 (TO) 

11 (TO) 

150 (T5) 

•18 (T5) 




trial and marine atmospheres. 
In other environments gen¬ 
erally loss oorrosion-rosistant 
than other wrought alutninuni 

1 











alloys and frmiuently clad. 

loix to* 

33 

3,5 

70 

26 

li ' 

11 

11 


(lenerally good resistance to 
industrial rural and marine 








Fair" 

... 

‘ atmospheres, also gusoliiu's, 

17 X 10* 






I’onr 

Poor 

fuel oils, and lacituers. (icn- 

32 35 

45 35 

K 40** 

22 21 

20' 




erally jKKir resistance to ammo¬ 


50 55 

5 1.5 

11 50^ 

28 20 





nia, ferric and ammonium cotn- 
' IKiunds, and cyaiiidi^s, (Iwid 

» — 





Fair 

( IikkI 

... . 

17 X to* 






Fnor 

reslHlance to w<«ak acids and 

32 

45 

F 40^ 

22 

20' 




luuM's; some resistanen to strong 

11) X 10* 

50 

8 

11504 

i 

28 

i 

Poor 

Mxccl- 

I'laccl- 

acids and buses. 

00 80 

35 50 

1 11 (MH 
(• 3fH 

50 

1 OCF 


Icnt 

Icnt 


17 X 10* 

105 185 

3 12 

DO 


(hind 

( S(hk1 

Poor 



37 40 

15 50 

K534 

28 .1(1 

20' 






51 71 

5 4 

11 7(H 

38 12 






15 X 10* 


1 


1 

30' 

( iihkI 

1 . . 

Fair 

Generally gorsl roslstanee to 

40 50 

55 00 

1 F m 

i :i2 31 





industrial rural and marine 


74 no 

8 

il8lH 

1 

! 43 55 

j 

i 

i 

1 




atmospheres; also gasolines, 
fuel oils, ami laequent. Poor 
resbitance to ammonia, ferrin 
and ammonium compounds, 
and cyanides. Huseeptlble to 





i 

1 





dexincifleution and stress-eorn)- 
sion erucking. Home resistance 
to wi*ak aciun and liases. Ptxir 
resistance to strong mdds and 

1 Iasi'S, soft and high-salinity 









1 

water. 






35-8 MECHANICAL CONSIDERATIONS IN ANTENNA DESIGN 


Table S5-1. Typical Properties of Some 


Type or class 

Name 

Compodtiou, | 

per cent j 

Physical properties 1 

Den- 1 
tity, 
b/cu p 
in. 

ilelt- ‘ 

ing 

K>int, 

rhennal 
jonduo- . 
tivity, ^ 
Btu/ ^ 
(hr) 

Cooffi- ] 
tiont of 
thermal 
expan¬ 
sion : 
per^F 

Bllectrical 

resis- 

tivi^ 

{68“^. 

microhin- 

cin 

J 

Naval brass J 

Annealed J 

QuarteNbard ^ 

Half-hard 

2\i 59.0-82.0, 0 

in 0.6-1.0. 

Zn bal 

.304 1 
1 

630- 

030 

67 

11.8 X 

io-« 

6.6 

66-12 

Nickel silver, wrought 

Annealed 

Hard 

Cu6S.O, ( 

Ni 12.0. 

Zn 23.0 

3.314 1 

] 

1830- 

1900 

23 

9.0 X 

10 « 

8 


Phosphor bronze, 8% (Grade C) 
Half-hard 

Spring 

Cu 00.5 min, 
Sn7.0-9.0, 

P 0.03-0.35 

0.318 

1020- 

1880 

36 

lO.l X 
ID ® 

13 


CSommon lead, soft 

Rolled 

Sand-cast 

Pb 90.73-1- 

0.41 

621 

19.0 

16.3 X 
10 « 

20.6 

ASTM AZ61A-F 

Magnesium alloy, wrought 
Extruded 

Forged 

A12.6-3.6, 

Zn 0.0-1.4, 

Mn 0.20 min 

0.065 

960- 

1140 

33.8 

MX 

10“« 

12.5 

AZ92A 

Magnesium alloy, cast 

As oast 

Solution-treated 
Elution-treated and aged 

A18.3-9.7, 

Zn 1.6-2.4, 

Mn 0.10 min 

0:086 

830- 

1100 

20.8- 

33.8 

14 X 
10- • 

12.4 

16.8 

Moael 

Nickel alloy, wrought 

Aunealed 

Spring 

Ni68, C0.12, 

Mn 0.9, Fe 1.36, 

S 0.005, Si 0.15, 

Cu 31.6 

0.315 

2370- 

2400 

15 

7.8 X 

io-< 

48.2 

Monel 

Nickel alloy, cast 

As cast 

Ni 83, Cu 32, Fe 1.5. 
Si 1.6, Mn 0.75, 

C 0.16, S 0.016 

0.312 

2400- 

2450 

15.5 

172 

MX 
10 • 

7.9 X 
10 • 

63.2 

2.35 


Gold 

Annealed 

Cold-worked 

As cast 


0.608 

1945 


Slver 

Annealed 

Cold-worked 

As cast 


0.379 

1781 

242 

10.1) X 
11) • 

1.60 


Rhodium 

Annealed 

Cold-worked 


. 0.447 

' 3571 

1 50 

46 X 

io-« 

4.5 






MATERIALS 
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Commonly Used Metals {Continued) 


_. Meohanioai propertiea_ 


Modulus of Tensile Elon^ Shear 

elasticity strength, tionTin Hardness strength, 
intension, 1,000 2 in.), (Brinell) 1,000 

psi psi % psi 


abncating properties 


Weldability 

Torch S 

tivity 


Corrosion resistance 


B 22-B5^ 
H89rf 


76-105 32 
112 3 


15 10 55-00 

12 55 


0.5 X 10* 21 2 05 111 

m 10 0.3 20 

•10 2 83 21 


70 85 50-35 H08inax<< 
KKl MO 15-2 B(l8iiiiiW 


23.0 X KK' 05 IK) 20 50 125 150 


12 X 10* III 
32 
18 


45 25 

4 58 

30 33 


48 25- 35 

2.5 

00 42 


Good resistance to industrial 
rural and marine atmospheres; 
petroleum products; alcohols; 
dry gases and soa water; fairly 
good resistance to weak bases. 
Resistance to some weak bases 
and weak organic adds, but 
generally poor resistance to 
most acids and strong bases. 
Poor resistance to solutions of 
cyanides and ammonium com¬ 
pounds. Resistance to dozinci- 
fication. 

Attacked rapidly by oxidising 
acids. Resistant to sodium and 
potasrium hvdroxido but at¬ 
tacked rapidly bjr ammonium 
^droxide and mdst ammonia. 
Qood resistance to rural and 
marine atmospheres and to 
frosh and salt waters. Subject 
to stress corrosion. 

(lOnoraUy good rcsuitanco to 
atmosphere, water, sdt water, 
and Holt solutions. Some ro- 
sifitanco to alkaline solutions 
and morganic acids. Poor 
resistance to o^nio adds, 
cyanides, and ferric and ammu- 
niuni compounds. 

Resistant to sulfuric, sulfurous, 
phosphoric, and chromic adds. 
Attacked by acetic, formic, and 
nilrit! acids. Resistant to at- 
nionphcro and fresh and salt 
water. 

High rcsistauee to atmosphere. 


(i(K)d n*fllstaneo to atmosphoro 
and suit water. 


(lood nwistunec to (lowing salt 
water, (iilute acids, liydro- 
ehlorie, hydrolluoric, sulfurin, 
phosphoric, and most organic 
nrids and H(.n)ng caustic soda. 
Not rc'sistanl to strongly 
oxidisdn;{ solutions such as 
flit ric acid and ferric chloride. 

Dot's u<»t oxidise when heated 
in air. RcHisis alkalis, salts, 
anti most adds. Not attacked 
by oxygen or sulfur. liapidly 
attacked by chlorine and 
bromino. 

Dora not oxidise when heated 
in air. Rt'sists most dilute 
mineral acids and alkalis. 
Attoeket] ra|)idly by nitric and 
hot sulfuric acids. Attacked 
rapidly by sui^u^ltearing gases. 


55 156 , 
250 3(H) ! 


Oxidises slowly when heated in 
air. Rtwistant to most acids, 
including atiua regia at room 
tenifieraturn. 









36-10 MECHANICAL CONSIDEEATIONS IN ANTENNA DESIGN 


Table 36-1. Typical Properties of Some 


Type or class 

Name 

Composition, 
per cent 

Physical prox)erties | 

Den- 

sity, 

Ib/ou 

in. 

Melt¬ 

ing 

point, 

ojp 

Thermal 

conduc¬ 

tivity, 

Btu/ 

(hr) 

Cooffi- 
dont of 
thermal 
expan¬ 
sion 
per ®P 

Electrical 

resis¬ 

tivity 

(68“F), 

micrt)hn>- 

cm 


Grade A tin 

Annealed sheet 

Cold-rolled sheet 

As oast 

Sn 99.8 min 

0.264 

440.4 

37 

13 X 

io-« 

11.3 


Tin foil 

Cold-rolled sheet 

Sa32, 

Zn 8 


390 

34 


12 

Grade 8 

Iln-lead-antimony 

Cast 

Sn 5, 

Sb 15, 

Pb 80 

0.361 

622- 

460 

14 

13 X 
10-8 

28.2 


Comnaercial rolled ime 
Hot-rolled 

Cold-rolled 

Pb 0.06-0.10, 

Cd 0.05-0.08, 

Znbal 

0.258 

786 

62.2 

18.1 X 

io-« 

6.06 

6.10 

Alloy XXV 

Zinc alloy, cast 

Db-cast 

A1 3.6-4.3. 

Cu 0.75-1.28, 

Mg 0.03-0.08, 

Znbal 

0.24 

727 

62.9 

16.2 X 
10 « 

0.54 


Tungsten, cold-worked 


0.70 

6152 

06.6 

2.2 X 
10-« 

6.48/ 



iMolybdenum 

Annealed 

Cold-worked 


0.37 

4760 

84.5 

3.0 X 

10 « 

6.17/' 



Beryllium, annealed 


0.067 

2341 

87 

MX 

io-« 

5 


Unalloyed 

Titanium 

T199.0 

0.163 

3135 

9.8 

6.8 X 

10 « 

56.0 


Notxs. 

«AISIB1112 Steel» 100. 

b 1-in. round, vateiKjuenohed 1625T, drawn at 1000"F. 
« l-in. round, normalized 1660“F, reheated to 1475®F. 

^ Rockwell hardness. 

• Based on free-cuttmg brass >» 100. 

/32“P. 


0 Difficult even with special tools and methods; grinding recommended. 
^ Prom powder. 

^ Like cast iron, but tool life is shorter. 
i Warm-extruded and annealed at 1400®F. 
of fabrication. 

h Difficult because of low ductility. 


The mechanical properties of beryllium arc greatly influpiiccd by the niothod 
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Commonly Used Metals {Continued) 


Mochanioal propcrtios | 

Fabricating properties [ 


Modulus of 
elasticity 


Elongar 
tion (in 


Shear 

stronffth. 


Weldability | 


Tensile 

Hardness 

Machiu- 


Inert 

arc. 

Kloe- 

Corrosion resistance 

in tension, 
psi 

1,000 

PM 

2 in.), 

% 

(Brinell) 

1,000 

psi 

ability 

Torch 

trioal 

resis¬ 

tivity 


8-6.6X10® 

2.2 

2.8 

2.1 

46 

36 

65 

7 

8 

6-6 





Yes 

Resists distilled, sea, and soft 
tap wat(‘r. Attacked b;y strong 
acids, alkalis, and acid salts. 
Oxygen in solution accelerates 
rate of attack. 


8.7 

0.0 
















4.2 X 10« 

10 

6 

20 






Resistant to corrosion by the 
usual lubricants. 


21 26 
22-2i) 

62-30 

40-30 

43 


(ioml 

Poor 


Fair 

Excellent resistance to both 
metropolitan and rural atmos¬ 
pheric corrosion, also hot soapy 
water, printing inks, trichloro- 
(‘thylcno, carlmn tetrachloride, 
dry illuminating gas, and mcis- 
tur(>- and aciu-irce hydrocar¬ 
bons. Mr resistance to pure 
ethyl and methyl alcouols, 
glycerine, water, and petroleum 
products. Poor resistance to 
steam, spray insocticidi's, ani¬ 
mal oils, strong acids, bases, 
and mixtures of glycerine or 
alcohol and water. 


47.6 

7 

01 

38 

(io<m1 

Poor 


Fair 

60 X 10« 

70-;i00 

0 

(’37<<-(’47 


Q 

No 

Yes 

Y(*8 

liiiHists most acids and alkalis 
to 212**F., attacked by nitric- 
hydrofluoric mixturo at room 
temperature, by aciua regia at 
212T. 

42 X 10® 

86-130* 
120 176* 

4,7* 

1* 

H 06rf.* 

V 22 27''.* 


i 

No 

Y('h 

Y«7 

Mtxlemteiy resistant to aedds 
and alkalis up to 212°F; at- 
tack(*(l by nitric-hydrofluorio 
mixturo at room temperature, 
by a(iuu rt'giu at 212°F. 

«14X 10® 

00-00/ 

2 6i 



k 

No 

No 

No 

Resistant to air at room torn- 




Iieratiire; attacked by both 
oxygen and nitrogen at elevated 
temperature; resistanoo to s(«a 
water. Rate of attack in fresh 
water varies with air ccuitont. 

16 16.6 

X 10® 

80 1(K) 

16 22 

1 

(' 3(W 



VCH 

Ych 

Yw’ 

Hu]>erior resistancu to nitric 
acid, most chlorine, chlorine 
solutions, ehlorinaUd organie 
coinpounds, luul inorganic chlo¬ 
ride solutions. Mxcellent rt*- 
sistanee to corroHtve attack by 
sea wuU*r ami most chloride 
salt solutions. Uiiehalleiig(»d 
by other Htruclural metals. 
Ibviiiils impingement, pitting 
nltuek. 


A 1) lire iirliitrury n«Iutivo ratings 
in iliM'muittiK order of «iic*rit. 

J 












36-12 MECHANICAL CONSIDERATIONS IN ANTENNA DESIGN 


Table S6-2. Typical Properties of Some 





Physical properties 

Cliun 

Name 

Description 

Specific 

Gocficicnt 

MoiH- 



of thermal 

turo 




gravity 

gm/cc 

expansion, 

por*F 

absorp¬ 
tion, % 

CArATninfl ., , . . . . 

Alsiinas A-196 

Alsiznag243 

Magnesium silicate 
Magnesium silicate 

2.6 

8.6 X 10-» 

Oto 0.02 


2.8 

11.2X 10-» 

Oto 0.02 


Alsiznag 676-L5A 

Gordierite 

3.4 

7.5 X 10-» 

Oto 0.00 


Al^lTninft 

90% AlO 

3.6 






(approx.) 




Alnmina 

Sapphire 

3.6 






(appn)x.) 




Alumina, Coons AI-20O 
Boron-silicon-nitride 

Aluminum oxide 

3.61 




MoAlillan 2-6 

M.P. 2600*0 

ca. 1.7 




Steatite 228 

Steatite 410 

Gordierite 

2.7 

8.0 X 10'« 

Oto 0.02 


Zircon 

ZrS04 

ca. 3.7 



Epoxy laminates. 

Araldite 6020 


1.16 


0.05 


EponRN-48 


1.7 X 10-» 

0.6 

Qlasaes. 

Coming 0120 

Coming 7060 (pyrex) 

Soda-potash^ead dlioate 
Soda-borosiiicate 

3.05 

87 X 10-» 



50 X 10 ’ 



Coming 7070 

Fotash-lHhia-boroeilicate 

2.13 

31 X10-’ 



Coming 7740 

Borofidlioate 

2.23 




Coming 7900 

98% silicon dioxide 

2.18 

8 X 10-’ 



Coming 7011 

96% silicon dioxide 

2.18 

8 X 10*’ 



Fused ^oa 916C 

SUioon dioxide 





Quarts (fused) 

100% silicon dioxide 


5.7 X 10-’ 


Low-dezuity xnaterials: 






Honeycomb or similar. 

Class fiber, 0.0066" waU, 
M"oeU 

(a) E Vector ± doable 
cell walls 

(&) E Vector || double 
cell walls 


0.06 




(r) E Vector ± sample 
McMillan isotropic core 

40% AL 

0.10 



Mineril. 

Emeison and Cuming, 
sodium silicate 


0.38 








Foamglass 


0.71 




Owens-Illinois, integrated 
wallastonite, same con¬ 
verted at 1,700^ 


0.28 




Fittsburgh-Coming, 
foamed silica 


0.16 



Resin. 

McMillan, polyurethane 

13% AL 

22% AL 

0.23 




0.23 





30% AL 

0.10 




Silicon XB 544 

NOPCO Lockfoam A-206 
NOPCO Lookfoam A-210 


0.17 


0.9 


NOPCO Lookfoam A-216 
Emerson & C!!uining 

bvik density 



0.8 


Elcoofoam 8, 

Sheet stock. 3 Ib/cu ft 


(40 X 10-* 

1.3 



25 Ib/cu ft 


cm/crn/*(D 

0.1 


Elcoofoam 84 

Sheet stock. 2 Ib/ou ft 


(30 X 10-« 

1.4 


Eecofoam FP 

Foamed in place 


om/crn/®C!) 


Mica. 

Mycalex 400 

Supramioa 500 

Mica, glass 

Qlass-synthetic fiuor^ 










phlogopite 





Supramica 565 

Mica, glass 

4.13 
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Commonly Used Dielectrics 


Meohanioal properties 


Dielectric properties 


Impact Tensile p^^Son Tem- 

strength, strength, strength, perature, 

Pt-lb/in. 1,000 psi 1.000 p8i “C 


Dielectric constant 


Dry Soaked 


Dissipation factor 


Dry Soaked 


10 

00 

20 


10,000 

10 

85 

20 


10,000 

20 

140 

40 


10,000 

27 

280 

50 

Room 

6,375 




25 

1.0 




500 

10,000 




70 

6,000 




25 

10,000 

10 

00 

20 


10,000 




25 

10,000 




800 

5,000 

8.5 

22 

16 

25 

10,000 




25 

10,000 




25 

10.000 




25 

10,000 




25 

10,000 




25 

10,000 




20 

10,000 




25 

10,000 




25 

10,000 




25 

10,000 


Kutno an Kcnofoaiti H 


0.92 


0.007 




36—14 MECHANICAL CONSIDBEATIONS IN ANTENNA DESIGN 


Table 86-2. Typical Properties of Some 





Physical properties 

Class 

Name 

Description 

Specific 

gravity 

gm/oo 

Coefficient 
of thermal 
oxi)auHion, 
per ®F 

Mois¬ 
ture 
aI)S()n>- 
tion, % 

Noo prone. 

Antistatic coating, 
Goodyear No. R-14- 
123-262 

Erosion coating, 

Goodyear No. 1801C 










Phenolic resin. 

OTL-OILD 

ECC 181-114 glass laminate 

1.87 







Polyester rosin. 

Laminae 4323 

ECG 181**! 14 glass laminate 

1.68 




Fsraplex P-43 

Paraplcx P-43 

Solectron 6003 

Scloctron 6066 

Sunform A-1 

Stypol 16B 

Stj^ol 25 

Vibrin 136 

Vibtin 136 

Marco Resin 

MR.26C 

EOG 181-112 Garan glass 
laminate 

flberglas material 

EGG-181\ 

ECO-18l| 

EGC-181 / glass laminate 
EC&181 

ECai81^ 

EGO-181, Volan glass 
laminate 

Borosilicate 181 Volan A 
fabric, glass laminate 
Unsaturated polyester 

1.78 

1.76 

1.00 

1.8 

1.75 

1.79 

2.15 



tiilinone rosin. 

DC-2104 

181, 80"F 

H hr fiOO^F 

1.93 


O.IO 




tiilioono laminate. 

30% DC 2106 

250 Final cure 

ECC-lSl 

Heat-cloanod 

1.93 


0.1 

Polyothylone. 

DuPont 

Extruded 

0.02 


0.005- 



0.01 

Polystyrene. 

Polystyrene 

Rozolite 1422 

Mylar 


1.04-1.07 

0-8 X 10 “ 

0.05 



1.046-1.050 

1.30 

0 7.0 X 10 » 
16 X 10 « 

0.05 

0.5 

Polyvinyl ohloride. 

Geon 2046 

Plastieoll 

Polyvinyl chloride, 

W-174 

69% polyvinyl-chloride 

30% dioctyl phosphate 

6% stabilizer 

5% mior 

Expanded polyvinyl-chloride 
66% Goon 101, 

35% B]iraplcx (i-25 



0.6 

Toflon. 

Teflon 

Polytetrafluoroothylono 
Plasticized polychloro- 
trifluoroothyleno 

E(X5-112 

2.1-2.3 

5.6 X 10 * 

0 


KI<X-F (Inulo 300m 

Toflon Laminate 

Woods. 

Balsawood 






Douglas fir 

Mahogany 

Yellow poplar 

± to grain 

X to grain 

X to grain 

0.48-0.66 

0.60-0.86 

0.43 


2-24 

Miscellunoous materials. 

Soil, sandy, dry 

Soil, loamy, dry 

Ice 

Snow 

Snow 

Water 

Pure distilled water 

Freshly fallen snow 
Hard-packed snow followed 
by light rain 

Distilled 

1.5 

0.88-0.92 

0.125 

0.5-0.6 

1,0 
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Commonly Used Dielectrics (Continued) 


Meohanioai properties 

Dielectric properties 







Dielectric constant 1 

Dissipation factor 

Impact 

Tensile 

prossion 

Flexural 

Tom- 

Fro- 





strength, 

strength, 


strength. 

peraturp, 

qucncy. 





Pt-lb/in. 

1,000 psi 

1,000 psi 

1,000 psi 

"O 

me 

Dry 

Soaked 

Dry 

Soaked 





23 

8.500 

13.31 


0.031 






23 

8,600 

2.00 


0.35 





62.5 

70 

10,100 

5.25 


0.000 





30.8 

-73.3 

16,100 

4.4 


0.012 





47.8 

23 

8,500 

4.25 

4.27 

0.011 

0.011 




89.2 











23 

8.500 

4.21 

4.15 

0.023 

0.016 





23 

8,500 

4.21 

4.22 

0.0115 

0.012 





70 

9,370 

4.70 


0.040 






23 

8,500 

4.27 

4.20 

0.017 

0.016 





23 

8,600 

4.11 

4.31 

0.018 

0.030 





23 

8,500 

4.24 

4.26 

0.021 

0.021 





24 

9.600 

4.16 

4.30 

0.006 

0.008 





25 

8,500 

3.6 


0.015 






25 


3.24 


0.0072 



53.0 

23.8 

41 








31.1 

6.3 

15.5 








53 

23 

41 

20 

8.6 

4.35 


0.0058 






:k)o 

8,6 

4.31 


0.0063 


3.0 

1.7 


1.5 

25 

10,000 

2.25 


0.0004 


0.25 0 35 

5 K 
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given shfliped reflector or feed unit, and at the same time provide a structure imper¬ 
vious to its environmental surroundings. 

Sandwich construction, which consists of two or more thin laminates stabilized 
against buckling with a lightweight core, can be used in all three areas of antenna 
design: the antenna, the radome, and the mount system. It is possible to cut more 
than half to two-thirds of the weight from some present-day antenna systems with 
proper use of reinforced-plastic materials. The cost of special tooling has deterred 
its use in small-quantity production, but where extreme tolerances and light weight 
are the goal, its cost may be far outweighed by its repeatable accuracy. Ta.ble 35-2 
gives data covering the typical mechanical and electrical properties of dielectrics 
in use today. Table 35-3 covers various techniques in radome construction, most 
of which are adaptable to antennas, feeds, or mount construction. 


Table 86-3. Methods of Fabricating Radomes 


Radome type 

Method 

Materials 

Solid: 

Thin. 

Half-wave. 

Type B. 

Bag 

Bag or matched die 
Bag, matched die, 
lathe-turned 

Glass-cloth or nylon laminate 

Glass cloth with heat-resistant rosin 

Glass cloth with heat-resistant resin and 
pigments 

“A” sandwich: 

Foam-in-place. 

Honeycomb. 

Preformed core. 

Matched die 

Bag 

Bag or press 

Glass-cloth laminate, polyurethane foam 
core 

Glass-cloth laminate, glass-cloth phe¬ 
nolic-core cell walls 

Glass-cloth laminate, foam core 

Multiple “A”: 

Heat de-iced 

Broadband. 

Bag 

Matched die or bag 

Glass-cloth laminate, flutcd-glass-eloth 
core 

Foam or honeycomb core 

Half-wave sandwich 

Bag or matched die 

Glass-cloth laminate, loaded foam with 
or without honeycomb partitions 


It is now possible to fabricate a radome that meets the most rigid environmental 
specification and to tailor the sandwich to meet a complicated beam shape. The 
highly specialized techniques involved in the fabrication and testing of such a radome 
require exceptional quality control over skin and core material and very elaborate 
r-f pattern-measuring equipment (Ref. 6; see also Chap. 32). 

Foamed-in-place materials (Table 35-2) offer a wide range of uses, for example, 
core material for sandwich-construction support and sealer for strip-line or priiit(‘.d- 
antenna circuitry. Specially loaded foams can be used in beam-forming lonsos. 
One such system in wide use is the Luneberg lens. Where the power is not too great 
and a small loss can be tolerated, many of the previously sealed systems \ising gas or 
dry air can be designed to be filled with foam. The resulting unit will not bo affected 
by the presence of moisture and will not break down at moderate vacuum. Most 
foams are limited in use to low-temperature systems (200 to 300®F); however, the 
recent developments in silicone foams’ have brought the useful range to better than 
700®F. A ceramic foam** is available in stock forms to be machined that can bo usc<i 
at temperatures in excess of 1200°F. Dissipative losses of the ceramic foam remain 
low at the elevated temperatures. Techniques for molding the ceramic foam are 
being perfected. 
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The high-speed missiles with their high surface and internal temperature have 
promoted the use of ceramics in radome design. The use of some of these materials 
in some of the more conventional systems may be warranted. The megawatt peak 
power and resulting high average power of many transmitters rule out all known 
dielectrics except ceramics. Table 35-2 covers many materials in use today. Mate¬ 
rials can be tailored to fit special needs by a number of manufacturers. 

Simple effective checks of loss and dielectric constant of any plastic or ceramic 
material can be made by resonant clement techniques, one of which is described below. 

Figure 35-2 shows a loosely coupled, full-wavelength, strip-line resonator. The 
resonator strip is held in place by very thin dielectric supports, located at voltage 
nodes of the resonant section. 


TYPE N 
CONNECTOR 



Fia. 35-2. Setup for checking; dioleetrie constant. 


The loaded Qj which is designated as Q/.o, is determined by measuring the frequency 
of greatest transmission, Fo and the 3-db bandwidth of the transmission responso aFo- 
The loaded Q is given by 

The insert ion loss of the resonator is measured by dire(d, substitut.ion. The trans- 
iniHsion eoellicient 7'o is (calculated from 

Insertion loss (db) » 10 log 7’o 

The unloadcMl Q of t.he resonator, Quo is calculaUMl from: 


1 - \/ 7 ’« 


The diel(H*tri(‘ supports of th(^ strip resonator arts removed, and tiie prepartsd sheets 
of the dieUu’trie. material to b<s t(SHt<‘d replace tins original air dielectric, completely 
filling tins spate between Uits ground planes and the resonator strip. 

The dielectric will rctliict*. tht^ vt^loeity of propagation in the resonator, so that a 
new (and lower) resonator fretpitmey, Fi, will result. 

The tlielet^triti (constant of the mat(*rial is expressed as « and is t‘ompuled from 



The 3-dl) bandwidth of the ditdeelrit^-loatled rt‘Honat.()r and the inst^tiou loss can 
now be ineasurtul, and tht^ ntw unloadt^d Q, Qu, <*an be calculated. 
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The effective Q of the dielectric material will be expressed as Qd and can be calcu¬ 
lated from the expression 

J_ ^ J_ 

Qd Qu Quo 

This reciprocal form of Qd represents the power factor of the dielectric. 

Special Products. The number of special products used as materials for antenna 
fabrication is formidable. The highly complex and imaginative nature of antennas 
seems capable of finding a place for almost any item the chemist or process engineer 
can dream up. The difficulty seems to be finding time to read the scores of trade 
journals, catalogues, laboratory reports, etc., in order to become acquainted with 
what is available. What has been included in the following paragraphs in no way 
covers the field, but it docs indicate how necessary such a literature search is. 
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Fia. 35-3. Attenuation characteristics of some opoxy-iroii mixtures. 

Whole families of conductive paints®, resistive coatings, and even conduc*.tiv(^ nibbc^rs 
are available. Special load materials used in attenuators or terminations are suppliod 
mixed or can be formulated on the job. Some of the resistive materials^'’ brushed 
on to shaped forms provide matched terminations with an SWR of 1.02 or better. 
Molded or cast shapes can provide the same match and will operate as high-power 
loads at temperatures up to 800 to 900®F. Fig. 36-3 is based on special developmont 
work by Airborne Instruments Laboratory in the formulation of epoxy-iron materials. 
Referring to the figure, it can be seen that a number of combinations of epoxy-iron 
materials can be tailored to suit design needs. 

There are many conductive paints, but they have been limited in usefulness Ixu'.austi 
the carrier was soluble and easily washed away by thinners or plating solutions. 
Paints have recently been improved so that they are usable as cured or (*.an bo built 
up by plating without harm to the base coat. All types and shapes of plastics have 
been sensitized and successfully plated and used as part or whole of an antenna. 
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These paints have stood up under the most exacting environmental conditions and 
are accepted by the military services. 

Conductive rubber has been greatly improved by Du Pont Fabrics Development, 
Fairfield, Connecticut. It can be obtained in sheet form or uncurod stock to be 
molded in place by any fabricator. Its use in waveguide gaskets and equipment 
covers has been very successful in providing gas- and watertight seals as well as pro¬ 
viding excellent r-f shielding. The base material is silicone and can be used in ambi¬ 
ents above 500®F. 

The elements have long played havoc with standard typos of gaskets, including 0 
rings. The silicone rubbers^^ arc being used in practically every form of gasket in 
use today. The extreme temperature range of silicone (—70 to 500°F for standard 
stock and —130 to 500®F for spe<ual stocks) is one good reason for its popular use. 
There are potting, caulking, and sealing compounds of silicone base.^^ The dilficulties 
of sealing radomes, covers, and cables have all been cased by the use of these materials. 

36.3. FABRICATION TECHNIQUES 

Before any serious thought can bo given to a final design of an antenna, the environ¬ 
mental conditions under which it will operate must be known. The life expectancy 
may vary from a few minutes to many years. These conditions provide the basis 
for material choice ns well as techniciues in fabrication. Often, the final design must 
be a compromise between the desired ele(d,rical performance and some difliciilt struc¬ 
tural problem due to environment. The desigiu^r may find it necessary to provide 
some form of radome protection for an antenna unable, by itself, to meet severe 
environmental conditions. While this Handbook is not greatly concerned with 
military specifications, some of these could well bo used as design guides, whore the 
environment is known to be dillicult. 

Another factor greatly alTcctting (h^sign as well as cost is the degree of dimensional 
tolerances and surface finish vs. frecpiency recpiired in refle(*.tor construction (Fig. 
35-4). The graph indicaU^s that at about 25 kmc, the tolerancscs recpiired are stand¬ 
ard machine toleranc^es of ±0.005 in. Surface finishes become extremely important 
above 1 kme, afTecting both tlu^ Q and losses. 

Antennas are highly <'.omplex structures involving a numhor of materials having 
widely different phyHi<uil characteristics and tempcirature coeflicionts of expansion. 
The design must be iiiU^grated to counteract or remove forces caused by uiu'.qual 
expansion of materials. 

Kim^e mu<Ii is known of the strictly conventional fabrieation techniq\ies, more 
(l<‘tailed information will Ix^ given on nomxmvcmtional fahric.ation and assenihly 
technuiues. The reciuinul anhuma size will, to some (extent, limit some of the follow¬ 
ing techni(|ueH. 

Casting Techniques. Special casting technicpies now availabU^ can provide parts 
requiring little or no machining with a (»()-inicr<iincli finish and bother than ±0.005 in. 
loleranc(^ on all diim^nsions. While it is true that some of these tee.hnicpies re<|uire 
very sp(‘cial tooling and arcs ('xpensivc*, a <^ar(*ful study of lilu‘. prcxuws, mac.hining, and 
tiHS(unbly time of a fubricatixl part may indicate that the special (uwtlng may be 
clu^aper in tlu^ (uid. 

A common fault of (Ic^signers is t.o reepure such tolerances over the entire casting, so 
that the (xmt of the pattern (xpupnamt is prohibitive^. It is |)<)SHibl<^ with the help 
of a fouiulry cnginetT, to d<‘Hign a casting that will hav(‘ all tlu^ advantages of a i>re- 
cision casting but will p(‘rmit machining on some surfa(U‘H and, )>y so doing, cut the 
cost in half. Shell molding, fn*nch sand, froz(*n imu'cury, and various jdaster tc<di- 
nhiues, of which the Antioch tcchni(pie is the most int(‘rc‘sting,‘* ust^ earefully machined 
metal masters of core l)ox<*s or molds or both. 
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Shell molding, or “C” process, is accomplished by spreading a mixture of fine sand 
mixed with a plastic binder over the metal mold. The shell is about J'i in. thick 
and is cured in an oven. The thin shells are stripped from the metal masters and 
mounted in cope and drag backed up by chilled steel shot or coarse sand. Very fine 
detail and dimensional accuracy are easily held. The porosity of the plastic shell 
permits the gases to escape and docs not affect the surface finishes that are between 
50 to 100 microinches. 

The french-sand process is similar except that as a rule it is made up full thickness 
over the metal master and needs no other backing during processing. The mercury 
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Fiu. 35-4. Reflector surface tolerances. 


process permits the molding of fine detail in complicated cores with groat accuracy. 
The Antioch process centers around a treatment of the green-plaster molds and cores 
that renders them microscopically porous. The high strength and stability of the 
molds have provided dimensional accuracies of ±0.040 in. over 80 in. and surface 
finishes of 60 to 80 microinches. 

Machining. Machining, or the art of shaping materials by cutting, milling, turn¬ 
ing, or drilling, is commonplace except as it applies to a few special metals or plastics. 
Carbide tools and cutters are a must for all reinforced plastics. Ceramics must he 
ground to shape. 
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Spinning and Stretching. Metal spinning is commonly used in antenna fabrication. 
Parabolic dishes and feed sections have been spun from aluminum or copper for many 
years. These same shapes can be spun from titanium and titanium alloys except 
that they require more power and must be sandwiched between two thin sheets of 
stainless steel. Stretch forming* is accomplished by gripping the edges of a sheet of 
metal, then drawing it down over a male die, stretching the metal to fit. Practically 
all metals in common use for antennas can be formed in this way. 

Another useful process is hydroforming. The metal is placed over a female die 
and sealed. Oil under high pressure is instantly released above the metal, forcing 



FREQUENCY-MEGACYCLES 

Fui. Variution ia Hkiii <Icj>th wit.li fr(‘<uionc..v for dilTcrcMit iikMiiIh. 

it into the die. This iiuM liod can he used for higldy e()in])l(‘x Hlinpes and deep draws. 
R(*al de<»p draws are Ix'hI doiu* in two Hteps, wit.h strc'SH-ndawing tr<»atineiit between 
draws. Ibx^auHe only Iialf of a <lie s<d. Iuih to be inad(», e<)nHi<lerabl(^ Havings can be 
n^alized, 

A Hiinilar t(M*lini(iu<‘ known an <*xpIoHive forinirig*'^“ is uh(*<1 for some of the now very 
tough alloys. The blank is pla<‘ed above th(‘ huiuile <li(‘ and looked in large metal 
ringH. Using a plastics sluxd., a container is fortiKMl for water, of considerable head, 
in <x)ntaet with th(^ blank. A carefully placed chargt^ of explosive is set off. The 
treim^ndouH pressure* <l(*velop(*d in the wut<T forties the metal into the dio. The 
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method will see a lot of use in forming large parts without the expense of big presses. 
A diagram showing some of the forming methods is given in Fig. 36-6. 

Electrofonning. The art of electroforming is extremely useful in duplicating 
complicated horns, feeds, and waveguide sections, because the duplicating accuracy 
of electroforming is greater than that of any other technique. Matrices can be cast 

HORN ASSEMBLY 



Fig. 36-7. Elcctrofornied horn supported by fibcrglaas shell aiul foam. 



Fig. 36-8. Slot array produced by elocarofornuiiK. 

of low-melting alloys^**; they mii be machined out of exporuUibU^ aluniimini and dis¬ 
solved out of the interior of the part; or they can consist of pennaiicuit Ht-ainh^ss-shud 
mandrels which are usable many hundreds of times. The r-f current.-(Mirrying surface 
can be copper, silver, or gold. Laminates of these metals arc frociuoutly used to 
provide special properties such as reduced bulk, weight, corrosion rcsistanc.e, electrical 
conductivity, and strength. The surface plating must be at least as thick as the skin 
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I'ooo mi k oX—^ “d back-up for 

l.CHH) me m 0.0002 in. silver plus 0.006 in. copper. At this noint it nor. Kn 1 i ^ 

with (joppor or nickel deposited to any desired thickness. ac e up 

th. T T of 

tm uMuuw Vi iR. 00-7;. The composite structure Will be liirht^r vr^^y.^ « x 
than any other type of fabrication. A number of feed horns requiring an adj^tlble 



Fici, 36-9. Assembly by electroplating. 



Ki<j. 3r>-U). lOxaniples of photo-otchod circuits. 


pluising unit w(*ro built by this imahod. The phasing stubs were grown in place and 
w<‘re net mljiistablt*. Tlu^ H<M*.iiriiey of reproduction was such that correction adjust¬ 
ment h were luuuu'i'HHary. 

An array ef hIoIh can be (de(d.roformed with extremely tight tolerances (Fig. 35-8). 
'riie part wluui H(d. up aiul ground on surface A will produce a slot array that is cheaper 
to pnwluce and mor<‘ accurate than machining. Figure 35-9 is a complex assembly 
of eUrtroforuu^d KtM*tions grown together by plating. The wood mock-up was used 
by the plat its to determine th(i tecdmitiuos in thg assembly of the part. 
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Etched Circuits Etching of intricate arrays and feed syste^ on pl^tic-backed 
Etched Circuits. , g Improvements m the technique have 

coppM foil has been . Many of the early difficulties -were caused by the 

been in “^^ria^ “d ^heBV«- M^y 

KJ tte rfJZf rf M o« raft” P***** "P,’*™ »uc=.rf.l 

process. 

36.4. FASTENING METHODS 

Th. knowl«ta «( 1»» lo (»«<n P»« <• •>“ 

™ * A 5 mr«-miP.T nrestress The choice of a screw fastener must bo made on 
reTsIsto of requLments of the job, backed up by sound engine^ing i^ehc^ 
?able 3M cov^s most of the standard machine screw sizes in use t^ay. The date 
rt^qu^airress are included as a guide and must 

5SS“H:Ss‘B“W=f“ 

#.? 3 S?£r.=a‘ 3 r^^ 

a»<erid» imd Wlmca .li«» »>'i P«»«" P""”- 

“ ™»b.,«. «.a», —.a 

^ ,. -Li /rp«Vdin /•n-ntsiins information concfirniuK tho \v( icitti)iin<y 

mwss^fmm 

reviewed by a good welder will save many headaches later on. '"‘f 

design his iraT^^^ Jetter-thL-awrage ± 0.00.5 in. 

"‘Srbl-tS —- V 

number of carefully machined parts that have been fluxed and a preform of filler 



Table 36-4. Machine Screws 


FASTENING METHODS 


36-26 














FASTENING METHODS 


36-27 


Table 86-6. Properties of Adhesives 

Matorialfi approved and in general use 


Commercial designation 

Source 

Applicable specification 

Application 

Remarks 

3M Adhesive EC-776 

Minnesota Mining A 
Mfg. 

3M 

Data Sheet EC-776 

Bonds 

Nearly all materials in¬ 
clude synthetic rub¬ 
ber, metal, glass, and 
plastics 

General-purpose 

3M Adhesive KC-870 or 
e(iuivalent 

QFL-6092 

MIL-A-6092, Type 2 

Bonds 

Rubber to metal 

Rubber to rubber 
Laminations 

General-purpose 

3M Adhesive EC-1022 

Minnesota Mining A 
Mfg. 

3M 

Data Sheet EC-1022 

Bonds 

Steel, aluminum, vinyl, 
and rubber 

Also phenolic to rubber 

Adhesive Bondmaster 
M662 

Rubber A Asbestos Co. 

Bondmaster Data 

Sheet M692 

Bonds 

Metal to metal 

Metal to phenolics 
Structural applioations 

(M692, formerly N02B) 
Bonds, transistorB, 
and transformers to 
phenolics 

Gaskets to bases 

Adhesive Bondmaster 
MOOS 

Rubber A Asbestos Co. 

Bondmaster Data 

Sheet M693 

Bonds 

Metal to metal 

Metal to phonolics 
Structural applications 

Bonds, transistors, and 
transformers to 
phenolics 

Gaskets to bases 

Adhesive Bondmaster 
M688 

Rubber A Asbestos Co. 

Bondmaster Data 

Sheet M688 

Bonds 

Metal to metal 

Metal to phenolics 
Structural applications 

Bond transistors and 
transformers to 
phenolies 

Gaskets to bases 

Adhesive Clyptal ^1276 

General Electric Co. 


Bonds 

Metal, glass, rubber, 
and plastics 


Adhesive Aoryloid B-7 

Rohm A Haas Co. 

Rohm A Haas Bulletin 
7b 

Bonds 

Plexiglass to metal 
Plexiglass to rubber 


Adhodvo silioono rubl)or 

QPL-25457 

MlL-A-25457 

Bonds 

Silioono Rubber to 
same 

Silicone robber to 
aluminum 

Air-ouring 

Adhesive Armstrong 
.X-12 

Armstrong Product 

Co. 

Armstrong X-12 

Bonds 

Aluminum to alumi¬ 
num 

Steel to steel 

Polyester laminate to 
to same 

AiiHmring (color: 
aml)er) 

Adhmvo Armstrong 

C-7 + “W” Aetivjir! 
tor 

Armstrong PnKluct 

Co. 

Armstrong <-7 4- 
“W” Activator 

Bonds 

Hnmo as K-12 above 

Idamc as X-12 except 
filler mat(*rud omitted. 
Ileat-curo prefernsl. 

(-olor clear 

iSeah'r, synthetic rubber 

QL’li<RA16 

MIUH-K516B 

Healing compound 

Eor electrical connoc- 
tiens and electrical 
systems 

H«nvler, 1)(-4 or e«|iiiva- 
lent 


MlIi-I-HOtK) 

Insulating and sealing 
compound 

Electrical (suiktswIch 
AN-(’-128) 

Itnpn^nant, Pclron 
liesin i)>l()3 or e(itiiva- 
lent 


MIUI.6869A “ 

Porosity seal for alumi¬ 
num and magiKviium 
eastings 


Compound, 3M Keob-h- 
oast lAorniiiivalnnt 

QPI/-ia023 

M 11^1-109231) 

Insulating nompound 
imbedding 

Electrical 

Compound, Silastic 

RTV 

Dow Coming Corp. 

I)ow Corning Data 
Hhoot RTV 

B<‘aluig and polling 
eomiKmnd 

Electrical connc»ct.orK 
and oomiMmentH 
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alloy that has been added in the a^ea to be joined. The assembly is preheated to 
about lOOO-F, then dipped into the salt bath at llOO'F for 15 to 30 sec. The brazed 
assembly is cooled to 200°F and washed in hot watM. The, unit can then 
from the fixture and finished by anodizing or iriditmg. Comphcatcd ^emWies mth 
proper fixtures can be expected to hold tolerances of better than ±0 006 in. The 
technique is limited only by the size of the vendor’s ovens and salt baths. 

Ov^ brazing and soldering are similar to the previous techniques, except that the 
complete operation is accompUshed in an oven. The oven can be fed an g^ to 
nrevent oxidation of some materials. The salt bath can be controlled to uniform 
temperatures of about ±2“C so that the melting point of the micr alloys be within 
a few degrees of the melting point of the base materials. Even with excellent tem¬ 
perature control, this is difficult in an air- or gas-filled oven because of 
heat transfer to the part to be brazed. To be safe, the molting point of the “Iot 
alloys is always substantially lower in the oven-brazing technique than ‘*\^P brazing. 
AgtL, the success of the brazing can be ensured when the prehminaiy design of the 
finished part is discuss^ with a reUable vendor and his recommendations are incor- 

H^h^stMn^ii adhesives have been developed for bonding metal, plwtic, 
rubber wood, and paper or combinations of these materials. Many tunes, this i 
accompUshed at considerably lower cost and is compatible 

fastening. The uniform coating of adhesive m the bond area distributes the load 
and eUminates the local stress concentration found in other types of fasteners “ 
rivets, screws, staples, etc. Adhesives provide a complete seal against air or fluids 
and are in general resistant to salt spray, humidity, and a wide range of tomporaturcs. 
The problem of joining lightweight metals less than 0.060 in. thick wnn almost impo^i- 
ble before the advent of adhesive bonding. Bonded thin sheets of aluminum develop 
their full tensUe strength and seldom, if ever, fail in the bond even under atiguc 
It is difficult to join dissimilar metals using standard metal fastoners. The very 
source of galvanic corrosion is prevented in a bonded joint since tho adhosivo separates 
the two metals. This separation in some ways limits or restricts the use of adhesives 
in areas where d-c or r-f paths over the surfaces are important. Antennas can bo 
partially or whoUy assembled with adhesives, provided care is taken to provide adtv 
auate r-f and d-c paths. Typical of some of tho uses of adhesives are attachment of 
supporting structures to lightweight dishes and special waveguide components posi¬ 
tioning dielectric parts within coaxial or waveguide assemblies, and assembly of 

radomes to horns or slot arrays. , , i i 11 u. 

The selection of the proper adhesives for a particular bonding problem can b(^ 
difficult. If no previous experience with adhesives is available, competent help 
should be obtained. All tho reputable manufacturers maintain a staff of consultants 
or technical sales people backed up by a laboratory staff. They arc prepared to 
assist in the choice of a particular adhesive to suit specific needs plus type testing to 
satisfy service requirements. The properties (Table 35-5) arc very limited in scope 
and should be used only as a reference. The continued use of adhesive will in time 
familiarize and extend the scope of its application. Many of the difhcult or impossib o 
assembly operations can be made so simple with the proper adhesive that tho saving 
in time and actual cost is almost unbelievable. 


36 . 6 . FINISHES 

Exposed surfaces can be treated by chemical, electrochemical, and organic coatings 
to enhance their looks or extend their service life. The successful choice of a surface 
finish requires a thorough knowledge of the environment to whic.b it will be exposed 
and the compatibility of the metal in assembly (Table 35-6). Practi<!ally all finishes 
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Table 86-6. Compatibility of Metals 

COMPATIBLE COUPLES 


iROUP 

Na 

METALLURGICAL CATEGORY 

■ 

Gald, solid, and plated; Gold- 
platinum alloys; Wrought platinum 

2 

Rhodium plated on silver-plated 
copper 

3 

Silver, solid or plated; High silver 
ol loys 

■ 

Nickel, solid or plated; Monel 
metal, High nickel-copper alloys 

5 

Copper, solid or plated; low brasses 
or bronzes; Silver solder; Germon 
silver; High copper-nickel alloys; 

Nickel-Chromium olloys; Austenitic 
stainless steels 

6 

Commercial yellow brasses and bronzes 

■ 

High brasses and bronzes; Naval 
brass; Muntz metal 

8 

18% chromium type corrosion- 
resistant steels 

9 

Chromium, plated; Tin, plated; 12% 
chromium type corrosion-resistant 

steels 

10 

Tin plate; Terne-plate; Tin-Lead 
solders 

B 

Lead, solid or plated; High lead 
alloys 

B 

Aluminum, wrought alloys of the 

Duralumin type 

13 

Iron, wrought, gray; or malleable; 

Plain carbm and low oiloy steels 
armco iron 

14 

Aluminum, wrought alloys other than 
Duralumin type; Aluminum, cost 
alloys of the silicon type 

H 

Aluminum, cost olloys other than 
silicon type; Cadmium, plated and 
chromated 

16 

Hot-dIp-zInc plate; Galvanized steel 

B 

Zinc, wrought; Zinc-base die-castlng 
alloys; Zinc, plated 

18 

Magnesium and mognesium-bose alloys, 
cast or wrought 


EM.E ANODIC COMPATIBLE COUPLES 

(VOLT) INDEX 
COI 

VOLT) 



Note; O Indicates the most cathodic member of the series, • An anodic member, and the 
arrows the anodic direction. 

Notes: Compatihilit)/ graphs. IV^rtnisHiblo-couplc soriciH uni Hhown in Tal)lo 35-0 by the 
araphs at th« riKht. MoihIxm'h of aroops coniioctod l)y linos will form pormisHiblo couples. 
O indicates the most cathodic incnilxT of cuc.li scricH; # iin uiuxlic nieinher; the arrow, tho 
anodic direction. 

Selection of comptUihle couples. Proper selection of in(‘talH in tho dcHip;n of equipment 
will result in fewer intcrnu'tullic contact prohlcnis. For example, for Types II exposure, 
neither silver nor tin re<iuin*H protective finishes. However, since silver has an anodus 
index of 15 and tin 05, the <iinf Kcncratcd as a couple is 0.50 volt, which is not allowable by 
Table 35-0. In this case, otlu*r metals <»r plati's will be rcrpiired. It should Ixs noted that 
in intcrmetallic couples, tins rneinlxT with the IiikIkt anodic index is anodic to tho member 
with the lower anodic index and will be susceptible to corrosion in th<» i)reBonco of an oloc- 
trolytic medium. If the surface area of the cathodic part is si«nificantly greater than that 
of the anodic part, the corrosive attack on the <x>ntact area of tho anodic part may bo greatly 
intensified. Therefore material seUiction for intcrmetallic contact parts should strive to 
make the smaller part the cathodic member of the couple. 


































































36-30 MECHANICAL CONSIDERATIONS IN ANTENNA DESIGN 

in use today have been thoroughly tested under all environmental extremes; thus 
their oharactoistios under aU conditions are well known. Failure of a surface treat¬ 
ment can usuaUy be traced to the mismatch of the finish to either the environment 
J.V + * 1 * 11 . Thpre are a number of sources that are available to deter- 

min^t^chmatic and service conditions of most geographical locations throughout 

general, cUmatic elements include temperature extremes, humidity 
rain hail snow sleet salt-laden air, industrial atmospheres, direct solar radiation, 
d^t mi ^ semSg action of wind-blown sand. An appraisal of the climatic 
condition under which the equipment must operate is of prime im^portoncc “ te”"® 
of cost and reliability. The beet antenna design is of littie use when the cquipmcn 

Of raw materials have specified certain finishes for each alloy or type of “•“"y ® 

^dde range of climatic conditions. However, information concermng fanishcs in 

regard to r-f transmission cannot easily be specified. riiPTni,...! 

W foUowing is an attempt to cover a few examples of this problem. Chemic^ 
treatiSraS either conductive or nonconductive. The conductive troatoen^ 
such as alodine or iridite, become basically poor when permitted to stay m the bath 
UP to 6 rTto as specified by their manufacturers. Where good r^io- rcqucncy 
grounds between the treated parts are required, the length of the ^ 

^ited to 1 min maximum. To ensure its being done, a special note must be added 
to the dmwings. This also applies to the treatment of iridite 16 for 
the magnesium is so active that it may be necessary to reduce the time to 
It wo^be wise to run a few samples to obtain the correct timing when the contact 

"^mSrotes^Skd treatment of metals is not new. However, "“^'^irthisoro^iT 
have been only a limited number of vendors that wwe equipped to 
A number of years ago the process was not used smee it was not roUablo. 
ouaUty of the^chemically deposited nickel on aluminum has made it a desirable finish 

only by the size of the vendors’ tanks. This treatment performed well under those (h- 
maL conditions of humidity and salt spray in accordance with military J”™' 

A new plating technique for aluminum that is showing great promise is a hot tin 
dip. The^assembly to be plated is dipped in a tin bath. The thin tin coating 
the base for standard plating of copper, silver, 8°!?, etc. Early samples 
signs of deterioration even after full salt^pray and humidity tests The 
p^sity in eastings has been the cause of at least 75 per cent of the failures in platiiif,. 
There is hope that this technique wfil work equally well for magnesium. 

Organic coatings have become highly specialized, and surface preparation h^ 
become a carefuUy controlled part of the operation Wet blasting a fine 
some fluid carrier and a special chemical-etching bath provide a surface t^tjs [ru. 
of oil or grease and an excellent base for any paint. Special ovens with dose, tom- 
perature control bake the coating to a porcelamlike finish. The new 
are of special interest include two-part-cure epoxies and the special 
coating and silicones that meet most temperature extremes. The 
coatinra are simple to handle and apply, producing results that meet the (.nviroii- 
mental conditions as specified by military specification for T^pc 1 . 

Product evaluation is possibly the most important part of fabrication and assembly. 
Properly handled, it can be a source of valuable design criteria for future work, as 
Lll as^aranteeing the quality of a product. Testing laboratories will help to set 
up a test specification based on the environment within which the equipment will 
operate and conduct these tests in accordance with NEMA or military standards. 
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Absorbers, 32-35 to 32-39, 34-18 
balanced, 32-38 

frequency dependency, 32-38, 34-18 
materials, 32-38, 32-39 
NHL types, 32-38, 32-39 
performance, 32-38, 32-39, 34-18 
Salisbury screen, 32-36, 32-37 
tapered line, 32-37, 32-38 

construction, by indentations, 32-38 
sheet containing conducting layers, 
32-37 

Adcock antennas, 28-14, 28-15, 28-21 
ADF antennas, 27-10, 27-21 to 27-27 
automatic, 28-18 

loop with magnetic concentrators, 28-24 
Adhesives, properties of, 36-27 
Aircraft antennas, 27-1 to 27-46 

ADF antenna design requirements, 27-21 
to 27-27 

automatic, 28-18 

graphical calculation of circuit per¬ 
formance, 27-25 

input-circuit configuration, 27-24 
loop antenna on aircraft, 27-10 
operating range for, 27-23 
optimization of antenna dimensions, 
27-25 

overstation confusion zone, 27-22 
relative antenna-sensitivity require¬ 
ment for range receiver, 27-20 
discussion, 27-1, 27-2 
high-frequency communications, 27-12 to 
27-21 

isolated cap, 27-15 to 27-18 

eff<»ct of changing f(*e(l con figuration, 
27-10 

gain, 27-10 

input impedance, 27-15 
low-froqiKMicy e<iuival(‘nt einmit and 
matching unit, 27-18 
niatehing-circuit efrici(*ncy, 27-19 
r<‘iuitan(T data Huininary, 27-17 
shiini-f(Kl, 27-lS to 27-21 

arrangements on 1049 C^>nHt(41ation 
aircraft, 27-20 
impedan(‘<^ 27-20 
wire, 27-12 to 27-15 

input inqxulam^e, Hh(>rf.e(l fixed-wiro, 
27-13 

trniliiig-wire, 27-14 
homing, 27-41 lo 27-45 
arrays, 27-42 to 27-^15 

of dipole Hpatung on pattern, 
27-43 


Airciraft antennas, homing, cardioid pat¬ 
terns, 27-42 

horizontal-plane patterns, 27-44 
principal-plane patterns, 27-45 
resistance-loaded loops for separate 
cardioid patterns, 27-44 
low-frcquency, 27-2 to 27-12 

ADF loop antenna on aircraft, 27-10 
bearing-error curve, 27-10 
design data, 27-6 to 27-8 
flush antenna, 27-6, 27-7 
tail-tip parameters for DC-6B air¬ 
craft, 27-8 

top loading heavy, flat plate used, 
27-7 

effective height and capacitance of T 
antenna, 27-5 

field fringing due to airframe, 27-2 
loop-antenna survey data for DC-4 air¬ 
craft, 27-11 

magnctic-fiold distortion, 27-9 
rotor modulation for, 27-9 
shielding effect, one T antenna on 
another, 27-6 

wire shorted to cylindrical fuselage, 

27 ^ 

survey data for DC-6 aircraft, 27-3 
omnidirectional VlIF and UIIF, 27-30 to 
27-41 

airframe effects on patteniH, 27-J50 to 
27-32 

principal-plane patterns, 27-30,27-31 
multiple-antenna systeniH, 27-40, 27-41 
roHultunt of two cardioid patU'rns 
coniuu’ted in parallel, 27-41 
polarization, horizontal, 27-3(i to 27-40 
VOR antenna, 27-37 to 27-40 
Collins 37-J, 27-39 
departure from circularity of U- 
dipoh' antenna i)attern, 27-39 
M-fed cavity, 27-il7 
fold(Ml-(lipoUs 27-;i7 
lo(uitioiiH oil helicopter, 27-40 
radiation patterns of, 27-38, 
27-40 

verti(*al, 27-32 to 27-36 

annular-slot antenna, 27-35, 27-3C 
AT-250A antenna, 27-33 
con struct ion of Collins 37-11-1 
antenna, 27-32 
impedance, 27-<35 
open-sh'i^vc^ antiuina, 27-34 
design data for, 27-414 
radiation patterns, 27-415 
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Aircraft antennas, radomes, 32-36 
unidirectional VHF, 27-27 to 27-30 
altimeter, 27-29, 27-30 
glide-slope, 27-28. 27-29 
flush, 27-28 
protruding, 27-28 
marker-beacon, 27-27, 27-28 
schematics of, 27-27 
Altimeter antennas, 27-29, 27-30 
Annular-slot antennas, 8-8,8-9, 27-35,27-3 
Antennas, above perfect ground, 2-6, 2-7 
images of, 2-6 
Adcock, 28-14, 28-16. 28-21 
ADF, 27-10, 27-21 to 27-27 
automatic, 28-18 ^ 
loop with magnetic concentrators, 

28-24 

aircraft, 27-1 to 27-46,28-18, 32-35 
altimeter, 27-29, 27-30 
annular-slot, 8-8, 8-9, 27-35, 27-36 
back-fire, 16-15, 16-16 
balanced, 3-21, 3-22 
base-station, 22-2 to 22-11 
beacon, microwave, 26-1 to 26-14 
bumper-mount, 22-13, 22-14 
cap, 27-16 to 27-18 
Cassegrain, 26-11 to 25-14 
cigar, 16-25 
circular, 23-7, 23-8 
cloverlcaf, 23-5, 23-6 
comb, 6-23 

communication, 18-25,18-26 
high-frequency, 18-25, 18-30 
aircraft, 27-12 to 27-21 
VHF and UHF, 22-1 to 22-20 
corner-reflector, 11-1 to 11-10, 18-9 to 
13-13, 24-27 to 24-29 
high-frequency arrays, 21-26, 21-27 
coupled, linear elements of, 3-18 to 3-21 
cowl-mount, 22-14 
curtains of, 6-18, 6-19 
cylinder with multiple slots, 23-17 to 
23-19 

darkrooms, 34-18, 34-19 
dosign considerationBi mochanical, 35-1 to 
36-31 

direction-finding, 28-1 to 28-28 

aircraft, 27-10, 27-21 to 27-27, 28-18 to 
28-24 

directional, 20-17 to 20-27, 22-8 to 22-11 
discone, 3-24 
dishpan, 16-46 
double-pillbox, 12-18, 12"19 
effective height of, definition, 19-0 
effective length of, definition, 2-3 
fabrication techniques, 36-19 to 36-24 
Fakir’s bed, 16-28 
fan-beam, 26-14 to 25-18 
fastening methods, 35-24 to 36-28 
finishes, 36-28 to 35-30 
fishbone, 6-22, 6-23, 21-25 
flat-top beam, 21-27 
FM transmitting, 23-1 to 23-8 
transmission lines, 20-33, 20-34 
four-slot, 23-19, 23-20 
Franklin, 4-36, 22-7, 22-8, 24-0, 24-7 


Antennas, frequency, frequency-indepen¬ 
dent, 18-1 to 18-32 
high-frequency, 4-24, 21-1 to 21-35, 

27-12 to 27-21 

low-frequency, 19-1 to 19-19, 27-2 to 
27-12, 28-18, 33-17 to 83-20, 34-2 to 
34-4 

medium-frequency broadcast, 20-1 to 
20-39, 33-17 to 33-20 
fundamentals of, 2-1 to 2-53 
glide-slope, 27-28, 27-29 
ground-plane, 22-4 
half-pillbox, 12-17, 12-18 
helical, 7-1 to 7-12, 17-14 
UHF television, 23-30, 23-21 
helix, 23-14, 23-15 

high-gain reflector-type, 12-1 to la-^o 
holoy-platc, 16-53 

homing, 27-41 to 27-45 ^ o 

horn, 10-1 to 10-18,17-13 to 17-20, 26-8, 
26-30 to 26-33, 36-22 
inductive-grid, 16-51, -- 

leaky-wave, 16-1 to 16-10, 
lens. 14-1 to 14-43. 18-20 to 18-30, 26-9 to 
26-11 

lohing, 26-26 to 26-30 
long-wire, 4-1 to 4-37, 21-23 , 

loop, 6-1 to 6-4, 23-4, 23-5, 27-10, 27-11, 
28-24 

direction-finding, 28-6 to 28-17, 28-20, 
28-21 

triangular-loop, 23-10, 23-17 
magnetic, 17-9, 17-10 
marker-beacon, 27-27, 27-28 
materials discussed, 86-2 to 36-19 
measurements, 34rl to 34-32 
discussion, 34-2 
gain, 34-20 to 34-26 
impedance, 34-2 to 34-12 
phase-front, 34-26 to 34r28 
polarization, 34-28 to 84-32 
radiation patterns, 34-12 to 34-20 
microwave beacon, 26-1 to 26-14 
mobile, 22-11 to 22-14 
models of, to scale, 2-61 
monopole, 3-24 to 3-20 

linear elements of, 3-21 to 3-24 
multi-V, 23-7 

multiple-tuned, 19-8 to 19-10 
mushroom, 16-53 

nondircctioiial, circuitry for, 20 -*j 7 to 
20-30 

oinnidircc.tional, 16-27, 18-30, 

to 22-8, 23-4 to 23-17, 26-1 to 26-13 
arrays, 6-2 
collincar, 6-27, 6-28 
helicals coinparc^d with, 7-1 
VHF and UHF for aircraft, 27-30 to 
27-41 

open-sleeve, 27-34 
pencil-beam, 26-3 to 26-14 
periscope systems, 13-5 to 13-8 
pillbox, 12-16 to 12-18 
pin-bed, 16-28 
pinccone, 16-41, 16-42 
properties of, 1-1 to 1-5 
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Antennas, quadrant, 3-26 
radar, 17-22 to 17-24, 26-1 to 26-30 
radio-tolcBCopc, 29-1 to 29-24 
ram*s-horn, 27-39, 27-40 
receiving, 2-14, 2-15 

high-frequency arrays, 21-34 
TV, 24r-l to 24-31 
reflector-type, 2-46, 2-46 
high-gain, 12-1 to 12-28 
screen, 24-16 to 24-17 
rhombic, 4-12 to 4-33, 24-26, 24-27 
horizontal, high-frequency, 21-17 to 
21-23 

ring, 23-7, 23-8 
rooftop, 22-11 to 22-13 
sandwich-wire, 16-36 to 16-38 
scanning, 15-1 to 15-31, 16-22, 16-34, 
16-44, 16^6, 25-20, 25-27 
screen-reflcctor-type, 24-15 to 24-17 
House, 28-25, 28-26 

shaped-beam, 12-19 to 12-24 , 25-18 to 

25- 24 

shunt-fed, aircraft, 27-18 to 27-21 

medium-frequency broadcast, 20-10 to 
20-12 

simple-pillbox, 12-16, 12-17 
skirted, 22-5 to 22-7 

slot, 8-1 to 8-16, 9-1 to 9-8, 16-26, 16-33, 
16-41, 16-47 to 16-49, 23-6, 23-7, 
23-17 to 23-20, 26-2, 26-4 to 26-6, 

26- 12, 27-36, 27-36, 35-22 
slottod-cylindor, 23-0, 23-7 
slotted-ring, 23-15, 23-16 
small, definition o^ 19-2 
square-loop, 23-4, 23-6 
stacked, 5-17, 5-18, 24-24, 24-25 
“suporgain,” 23-13, 23-14 
suporturnstilc, 23-8 to 23-13 
Hurfaco-wavo, 16-1 to 16-42, 30-20, 30-30 
transmitting, FM, 23-1 to 23-8 

transmission lines, 20-33, 20-!i4 
TV, 23-1 to 23-4, 23-8 to 23-26 
traveling wave, 16-1 to 16-57 
triangular-loop, 23-16, 23-17 
trough-guide, 16-38 to 16-40, 16-49 to 
16-51 

turnstile, 16-41 
TV, receiving, 24-1 to 24-31 
trauHinisHion Hik^h, 20-33, 20-34 
traiiHinitting, 23-1 to 23-4, 23-K to 23-26 
UHF, 22-1 to 22-20 

h(4ieal tidc^vision truiiHuiittiug, 23-20, 

23- 21 

long-win*, 4-»30 

oinnidire<‘ti()nal, for ain^raft, 27-30 to 

27- 41 

t(‘l(*viHion, receiving ant(*nnaH, 24-25 to 
24-30 

Iraimiuittixig, 23-17 to 23-19 
umbrella, 19-11 

unidire<*tional VIIF for aircraft, 27-27 to 
27-30 

V, 4-14, 4-31, 4-32, 16-;i3, 21-23 to 21-25, 

24- 4, 24-26, 24-27 
VIIK, 22-1 to 22-20 

long-win*, 4-30 


3 

Antennas, VHF, omnidirectional, for air¬ 
craft. 27-30 to 27-41 
television receiving, 24-22, 24-23 
unidirectional, for aircraft, 27-27 to 
27-30 

VLF, 19-12 to 19-15 
umbrella, 19-11 
VO 11, 27-37 to 27-40 
wire, 27-12 to 27-15 

long-wire, 4-1 to 4-37, 21-23 
single-wire, 4-2 to 4-7, 4-14, 21-23, 
30-14 

Wullenweber, 28-21, 28-22 
zigzag, 16-25, 16-26 
(Sec aUo Arrays) 

Apertures, continuous, random error 
cffe(^ts, 2-39, 2-40 

directivity patterns of, circular, 2-29,2-30 
elliptical, 2-4^0 
rectangular, 2-28, 2-29 
effective, of receiving antennas, 2-14, 2-15 
transmission between two antennas 
in free space, 2-15 
gain limitations for, 2-50 
leaky-wave antennas, 16-42 
linear elements, 5-2 

periodic errors in illumination, 2-40, 2-41 
radar antennas, 25-9 
radiation from, 2-7 to 2-10 
current shoot relations, 2-8 
oquivalcnco principle, 2-7 to 2-10 
applications of, 2-9, 2-10 
patterns, 2-8 

surf ace- wave excited arra.VH, 16-30,16-31 

Arrays, Adcock fixed, with goniometer, 

28-21 

arrays of, 5-17 
bidirectional, 5-2 
broadcast, 5-2 
broadside, 5-2 
collinear, 6-27, 5-28, 82 tS 
of couplets, 5-14 to 5-16 
curtain, 21-6 to 21-17 
dofiTiition of, 5-2 

directional antennas, adjusting, 20-30 to 
20-33 

of diHer<*te elements, 2-15 to 2-26, 2-36 to 
2-30 

Dolph-T(dH*byHeh(^rr distribiitious, 2-20 to 
2-24, 31-16 
ond-(ir(\ 5-20 to 5-27 

parivsit ie, 3-15, 6-24 to 6-27, 16-25, 
17-13, 24-17 to 24-24, 24-20 
fiHhl)()n<*-typ<*, 21-25 
Franklin, 22-7, 22^ 

frecpi<*iu*y, fre(iueney-in<l(*]Mmd(Mit, 18-17 
to 18-26 

high-fr<*(pi(*n(*y, 21-1 to 21-35 
uMMliuin-frecpieney broadctist, 20-30 to 
20-.33 

helical antennas, 7-7 to 7-0 
homing, 27-42 to 27-45 
Honey, 16-51, 16-52 

lin(*ar (dements, 2-42 to 2-45, 6-1 to 5-28 
for radar, 25-.34, 26-35 
log-periodic elements, 18-17 to 18-24 
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Arrays, long-'wire antennas, 4-10 to 4-12 
mattress, with split phasing, 25-26 
microwave beacon antennas, horizontally 
polarized, 26-3 to 26-6, 26-12, 26-13 
vertically polarized, 26-2,26-3,26-10 to 
26-12 

multielement, broadside, 6-11 to 6-20 
directivity patterns of, 2-17 
ground systems for, 20-17 
horizontal dipole, 21-6 to 21-17 
log-periodic, 18-21, 18-22 
medium-frequency broadcast, 20-17 
omnidirectional, 5-2, 6-27, 6-28 
parasitic, 6-6 to 6-11 

director and reflector elements used, 
21-26, 21-26 
scanning, 15-28, 16-29 
shaped-beam, 26-24 
slot-antenna, 9-1 to 9-18, 36-22 
waveguide-loaded, 16-26 
stacked, 5-2 

surf ace-wave antennas, 16-19,16-20 
surface-wave-excited, 16-28 to 16-42 
tapered, 6-3, 6-15 

directivity patterns of, 2-17 to 2-19 
TV receiving, 24-11 to 24-16 
two-element, 6-3 to 5-6 

directivity patterns, 2-16, SH7 
uniform distribution, directivity pattern, 
2-17 to 2-19 
V, RCA Model D, 4-14 
Yagi-TJda, 3-16, 6-24 to 6-27,16-26,17-13, 
24-29 

broadband for TV receiving, 24-19 to 
24-24 

single-channel for TV receiving, 24-17 
to 24.19 

{See alao Antennas) 


Back-fire antennas, 16-16, 16-16 
Balanced antennas, 3-21, 3-22 
Baiuns, 31-22 to 31-26 
Bandwidth, 1-4, 1-6 
impedance relationships, 2-46 to 2-60 ^ 
equivalent network for solid curve im¬ 
pedance, 2-48 
matching network for, 2-48 
optimum matching, 2-49 
Smith chart plot, 2-47 
lens-typo radiators, zoned, 14-6, 14-8 
slot antennas, rectangular, 8-13 
surface-wave antennas, 16-16,16-17 
Base-station antennas, 22-2 to 22-11 
Beacon antennas, microwave, 26-1 to 26-14 
Beam reversal, rhombic anteniuiH, 4-32 
Beam shaping, loaky-wavo antoiinas, 16-43 
surf ace-wave antennas, 16-21 
surfacc-wave-oxcitcd arrays, 16-31, 16-32 
Beam slewing for multibay curtain arrays, 
21-14, 21-16, 21-17, 21-30 to 21-33 
Beam width, conical, for curtain arrays, 21-10 
rhombic horizontal high-frequency an¬ 
tennas, 21-21 

frequency-independent antennas, log- 
periodic, two-clo in out-array, 18-18 


Beamwidth, helical antennas, formula for, 
7-4, 7-6 

high-frequency antennas, 21-21 
leaky-wave antennas, 16-43 
reflectors, paraboloidal-type, 12-9 
surf ace-wave antennas, 1^14 to 16-16 
surface-wave-excited arrays, 16-32 
Berti system, 15-13 
Bonding, 36-28 
Broadbanding, 31-26 to 31-28 
compensation methods, 31-26 

possible physical embodiments of, 
31-27 

two-stage, 31-27 

high-frequency arrays, 21-28, 21-29 
for TV receiving antennas, 24-3 to 24rll 
Yagis, 24-19 to 24-24 
{See alao Impedance, matching) 
Broadcast antennas, medium-froquoiicy, 
20-1 to 20-39, 83-17 to 33-20 • 
Bumper-mount antennas, 22-13, 22-14 


Cap antennas, 27-16 to 27-18 
Carter charts, 34-8 to 34-10 
Cassegrain antennas, 25-11 to 26-14 
Casting techniques, 36-19, 36-20 
Charts, Carter, 34-8 to 34-10 
circle diagram, 34-7, 34-8 
impedance, 34-7 to 34-9 
Smith, 31-4, 84-8, 34-9 

plot, before and after rotation, 2-47 
stcroographic projection design, 4-8 to 
4-10 

Cigar antennas, 16-25 
Circular antennas, 23-7, 23-8 
Clovcrlcaf antennas, 23-6, 23-6 
Coaxial lines {see Transmission linos, 
coaxial) 

Collincar arrays, 6-27, 6-28, 22-8 
Comb antennas, 6-23 
Communication anteiinuH, 18-26,18-20 
high-frcqucncy, 18-26, 18-30 
aircraft, 27-12 to 27-21 
Vl-ir and UlIF, 22-1 to 22-20 
Corner-reflector antennas, 11-1 to 11-10 
clusters of, 13-13 
coordinate system for, 11-1 
dihedral, 13-9, 13-10 
grid-typo reflector, 11-4 
high-frequonc.y arrays, 21-26, 21-27 
image system for, 11-2 
radiation, patterns, oxp(‘riincnial, 11-6 to 
11-7 

60-degrcc. corner, 11-6, 11-6 
90-dcgroc corner, 11-6, 11-8, 11-9 
120-degToo corner, 11-7 
180-dcgrcc corner, 11-7, 11-8 
270-dogrco corner, 11-8 
rosistance, 11-3 

size determination, 11-2 to 11-6 
first-order-modo op<*ration, 11-6 
length of sides, 11-4 
squajc, dimensions for, 11-4 
spacing effects, 11-2 
gain and, 11-2, 11-3 
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Corner-reflector antennas, spine construc¬ 
tion used, 11-8 
trihedral, 13-10 to 13-12 
UHF television receiving, 24-27 to 24-29 
Coupled antennas, 3-18 to 3-21 
Cowl-mount antennas, 22-14 
Curtain antennas, 6-18, 6-19 
Curtain arrays, 21-6 to 21-17 
Cylinder with multiple-slot antenna, 23-17 
to 23-19 


Darkrooms, antenna, 34-18, 34-19 
Design, mechanical considerations in, 36-1 
to 35-31 

Dipoles, asymmetrical, 3-16 to 3-17 
hiconical, 3-10 to 3-13, 24-25, 24-26 
collincar, 24-6, 24-7 
cylindrical, 3-1 to 3-9 
electric, coordinate system for, 2-2 
fan-type, 24-4 to 24-6 
fat 24-4 

folded, 3-13 to 3-16, 24-3, 24-4 
low-band, 24-8 to 24-10 
VOR antenna, 27-37 
frequoncy-independont antennas, 18-13 
' full-wave, 24-7, 24-8 
half-wave, coordinates for, 2-3 
VHF and UHF antennas, 22-5 
horizontal, for diroction-flnding antennas, 
28-14 

crossed, 28-21 

high-frc<iuency arrays, luultielcimmt, 
21-C to 21-17 

single, above ground, 21-3 to 21-6 
multimode, 24-3 to 24-11 
■ proximity-coupled, 16-34 to 16-36 
sleeve, 3-17, 3-18 
spacing, aircraft antennas, 27-43 
triangular, 24-26, 24-26 
tripole, 24-8 to 24-11 
vertii^ul, for mierowav(\ 26-2 
with whiskers, 24-8 

Direc^tion-finding unienntvs, 23-1 to 28-28 
Adcock, fixed arrays witli goniometer, 
28-21 

couixs’tions of, 28-22 
rotatabh* Hystems, 28-14, 28-16 
aircraft, 27-10, 27-21 to 27-27, 28-18, 
28-24 

d(*Hcriptions, 28-2 to 28-4 
din'ction finder, purpose of, 28-2 
spci'ial nxpiirenuMiis for, 28-4 
tyrs'H of, 28-2, 28-3 
fixed sysiems with rotatable putlenm, 
28-3, 28-4, 28-19 to 28-24 
ADF with magnetic concentrntors. 
28-24 

crosHtxl loops, 28-20, 28-21 
dipoles, crossed horizontal, 28-21 
(loppler, 28-22, 28-23 
principl(> of, 28-22 
errors and lirnitaliotiH, 28-19, 28-20 
({uadruiital error, 2^20 
spacing errors, 28-19 
d(*erenH(‘ of, 28-20 


5 

Direction-finding antennas, fixed systems 
with rotatable patterns, errors and 
limitations, tuning errors, 28-20 
principles, 28-19 

propeller and sense pattern, 28-19 
rotating reflector, 28-23, 28-24 
modulation, 28i-23 

reflective effect of parasitic antenna, 
28-23 

Wullenwebor, 28-21, 28-22 
polarization error, 28-4 
quasi-instantanoous special typos, 28-3, 
28-24 

phase comparison, 28-24 
Watson-Watt, 28-24 

rotatable systoms, 28-2,28-3,28-5 to 28-18 
ADF automatic, 28-18 

L-F, block diagram of, 28-18 
amplitude-comparison systems, 28-17 
switching of overlapping directive 
patterns, 28-17 
horizontal dipole, 28-14 
response patterns, 28-13 
Singhs loops, 28-6 to 28-14 
balanced, 28-6, 28-7 
combination loop and vertical 
antenna, 28-12, 28-13 
effective height, 28-0 
iron-rod cores used, 28-8 to 28-10 
displacement of coU from rod cen¬ 
ter, 28-10 

effect of coil-rod-longth ratio, 28-9 
flux distribution in coil with 
magnetic rod, 28-8 
permeability of rod, 28-9 
iron sphoroidal cores usi^d, 28-10 
increase of induced voltage, 28-11 
prolate sphoroidal core with loop 
coils around major and minor 
ax(^H, 28-10 

loop errors, 28-13, 28-14 
radiation resistance, 28-6 
response, 28-5, 28-6 

angles of signal arrival and spaidng 
of vortical side's, 28-6 
sense of dire<ition of loop, 28-13 
sensitivity with r(*c(*iv(^r of known 
noise* factor, 28-S 
shiel(le<l, 28-6 

eorrectiv(^ effect of, 28-7 
transrornu'rs, 28-10 to 28-12 
tuned, 28-7 

spaced loops, 28-16 to 28-17 
horizontal coplanar, 28-17 
vertical coaxial, 28-16, 28-17 
respoiiHiJ patterns of, 28-16 
verlii'iil coplanar, 28-15, 28-16 
n'Hporise paUerns of, 28-16 
senst' anUmnas, 28-26, 28-26 
cin'uits, <Uuil-delay, 28-26 
principles of, 28-25 
using resistance, 28-25 
st andard wave (‘rror, 28-4 
undesin'd-signal error, 28-4 
Direetional antennas, 20-17 to 20-27,22-8 to 
22-11 
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Directivity, 2-13, 2-14 
measurementB of, 34-24 to 84-26 
definitioas, 34-19, 34-20 
patterns, area distributions, 2-28 to 2-30 
apertures, circular, 2-29, 2-30 
coordinates for, 2-29 
elliptical, 2-30 
rectangular, 2-28, 2-29 
arrays of discrete elements, 2-15 to 
2-25 

Dolph-Tchebyseheff distributions 
(see Dolph-TchebyschefE distri¬ 
butions) 

multielement arrays, 2-17 
tapered distribution arrays, 2-19,2-20 
two-element arrays, 2-16, 2-17, 6-4 
coordinates for, 2-16 
small spacing and equal currents, 
2-17 

uniform distribution arrays, 2-17 
to 2-19 

coordinate system for broadside 
array, 2-18 

radiation pattern of ten-element 
broadside array, 2-18 
continuous line sources, 2-25 to 2-28, 
6-13, 6-21 

line-Bouroe distributbns, 2-25 to 2-28 
half-power beamwidth vs. side- 
lobe ratio, 2-27, 2-28 
helical antennas, 7-6 
linear arrays, 5-20 
multielement broadside arrays, 6-12 
phase errors (see Phase errors) 
two-element driven antennas, 6-5 
(See also Radiation patterns) 
values, 2-13 

Discone antennas, linear elements of, 3-24 
Dishpan antennas, 16-45 
Dolph-Tchebyscheff distributions, 2-20 to 
2-24 

coordinates for broadside array, 2-20 
radiation pattern for, 2-21 
relative current ratio vs. side-lobe level 
of, 2-23 

tapered transition, 31-16 
Doppler in direction-finding antennas, 
28-22, 28-23 

Double-pillbox antennas, 12-18, 12-19 


Effective area of receiving antennas, 2-14, 
2-16 

transmission between two antennas in 
free space, 2-15 

Electroforming, 36-21 to 36-24 
Elements, discrete, arrays of, directivity 
patterns, 2-15 to 2-25 
random error effects, 2-36 to 2-39 
electric-current, radiation from, 2-2 to 2-4 
coordinate system for electric dipole, 
2-2 

coordinates for half-wave dipole, 2-3 
current distribution on short linear 
antenna, 2-3 
patterns, 2-4 


Elements, linear (see Linear elements) 
magnetic-current, radiation from, 2-4 to 
2-G 

coordinate system for magnetic 
dipole, 2-5 

thin slot in ground plane, 2-6 
End-fire antennas, 5-20 to 5-27 

parasitic, 3-15, 6-24 to 5-27, 16-25,17-13, 
24rl7 to 24-24, 24-29 
Epoxy-iron mixtures, 36-18 
Equivalence principle for radiation from 
apertures, 2-7 to 2-10 
applications of, 2-9, 2-10 
Equivalent-moleoular-medium analysis of 
lenses, 14-23, 14-24 

Equivalent-transmission-liiio niothod for 
lenses, 14r-24, 14-25 


Fabrication techniques, 36-19 to 36-24 
casting, 35-19, 35-20 
circuits, etched, 36-24 
photo-etching, 35-23 
electroforming, 36-22 to 36-24 

electroplating, assembly by, 36-23 
horn, with Fiborglas shell and foam, 
36-22 

skin depth variation, 36-21 
slot array, 35-22 
forming methods, 36-21 
machining, 36-20 
radomos, 35-16 

reflector surface toloraneos, 35-20 
spinning, 35-21, 35-22 
stretching, 36-21, 35-22 
Fakir’s bed antennas, 16-28 
Fan-beam antennas, 25-14 to 25-18 
Fastening methods, 36-24 to 35-28 
bonding, 36-28 

properties of adhesives, 36-27 
machine screws, 35-25, 35-2(1 
welding, 36-24 to 35-28 
Finishes, 35-28 to 35-30 

compatibility of metals, 35-29 
Fishbone antennas, 6-22, 6-23 
Fishbono-type arrays, 21-25 
Flat-top beam antonnas, 21-27 
FM transmitting antennus, 23-1 to 23-8 
circular, 23-7, 23-8 
details, 23-8 
development of, 23-8 
cloverleaf, 23-5, 23-6 

multibay feed details, 23-5 
discussion, 23-1 to 23-4 
multi-V, 23-7 
ring, 23-7, 23-8 
slottod-cylindor, 23-6, 23-7 
square-loop, 23-4, 23-5 
details for, 23-4 

transmission lines, 20-33, 20-34 
Formulas, absorbers, 32-36, 32-37 

aircraft antoiiiias, isohiicMl cup, 27-17, 
27-18 

low-frcquoncy, 27-4, 27-5, 27-12 
apertures, gain limitations for, 2-60 
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Formulas arrays, arrays of, 6-17 
end-fire, 6-20 
c*ontiiiuoua, 6-21 
fishbono antennas, gain 6-2*^ 

n>ultiolemontbroad«id“6ll9 

amplitude of lobes, 6-13 
directivity patterns. 6-11 
gain, 6-14 

tapered amplitudes, 6-13 
stacked antennas, 6-18 

“ M8 a”9impodance. 

d.ol«ctr«an^ 

dirflotlon-findlng antennas, rotatald,. Hya- 

radiation reaistanoo, 28-0 
respoiiBe, 28-6, 28-6 

"f known 

noise factor, 28-8 

tiMsformer withtunod wsrondary- 
in^imum gain, 28-7, 28-8 
tuned, 28-7 

vertical coaxial, 28-l(i 
vertical eoplanar, 28-16 
8(‘iis(» antemnas, 28-26 
air(‘(‘tivity, 2-13, 2-14 
«ain incasuronionts, 34-24 to 34-26 
patt<^rna, apertures, circular 2-20 
n^ctangular, 2-28 

to distributioiiH, 2-20 

two-olonicnt arrays, 2-10 
wuform (li«tril,ution arrays, 2-18. 

«m>cd7vo <■'* *-“« 

^m^nroa of rocoiviu,; antoumiH. 2-14, 

radiation, iiporturoH, 2-7 to 2-« 
<'Ioctrii-(,Hrront(ilniu(.ntn. 2 -a to 2-4 

liolf-wave (li„„i(,, a-a 
<Hi( I < j, froduoiiny-indoDMidoot, 

ionniiH, i‘<|uian8ulMr, 18-8 to 18-6 

win for n‘/I(.«tors and Iciih, 18-28 
loK-ponodio, arrays of cloment H, do- 
»iKn i)ro<u‘<luro, 18-28, 18-24 
tuulticleinent arravH 18-** i 
18-22 ’ 
tw()-ol(uncnt-array, 18-1H 

, . , , 18-J4, 18-16 

l»i«h-frof„M,„py arrnp, (-.urliii,, arraj-M, 
current distribution for, 81-i(5 

ourrentH, 21-16 » lu 

input impedance for. 21-1(1 
rmiltibuy, 21-H, 21-<) 
beam Hb'wing wi( h, 21-1/5 
pow«‘r 21-16 

H<T<'(‘n-|,yp<. ndh'ctorH, 21-1,3 


Formulas, frequency, high-frequency 

bay!•Vi-c'; aw 
tuned reflectors, 21-10, 21-11 
honsontal dipole, single, above 
ground, 21-4 

horuontal V, 21-23, 21-24 
long single-wire, 21-23 
rhoiabic^horlzontal. above ground. 

radiation, pattern, 21-18 
rosiatance, 21-19 

<iw frequency antennas, charactorin- 
ti«B 19-2, 19-3, 19-0 to llT 
ground systems, 19-11 
njultiple-tunod, 19-10 
■nodiuin-frequeacy broadcast antennas 
cureultry for, 20-28 
directional, elfoct of finite radiator 
cross section, 20-27 
(Effective field, 20-20 
radiatwn^pattorn, shape, 20-18 to 

sije. 20-21,20-22, 20-26 
ground systems, 20-15 
radiators, Boetionalized, 20-14, 20-15 
top-loaded, 20-13 
vortical^ characteristics of, 20-5 to 

Sold produced by, 20-4 
2(^10^**** section effi.^c.ts, 20-i), 

oporating base risistanc^c, 20^6 
. radiation rosistaneo, 20A 

eradiation, 

gain, 2-U3, 2-14 
im*iwurcnumtH, 34-21 
dirc(‘.t:CompariB<)u motliod, 34-22 
dirccitivity, 84-24 to 34-2() 

B<mHitivity, 34-24 
“ HtaiidardH," 34-23, 34-24 
mdical autennaH, Ixuiinwidth, 7-4 7-5 
directivity iiutteniH, 7-(J 
iinpedaiieo, 7-fi 

born untoiinaH, hiconicul, ^,4,, 10-I4 
iuiricclaiu^o, 10-14 
box, phase, 10-15 
<*onicul, gain, 10-11 
phuw*, 10-13 

**'^giiin”*l(i^ 104), 10-10 

cptimum horn, 10-8 
riuliation pnl.t<»rnH, 10-9 
iin|.r.,lHnoO,an,lwi<l(.l, ndationslii,, to, 

<diartH, rinilo tiiiogram, 34-7,84-8 
Hmith, 34-H 

imUchinK, (iiHtril.utod olnmentM, Sl-S 
rcflcclion, Sl-;i 

tapered IineH,(»xiM)m‘ntiaI, 31-17.31-18 

“onoxponeiKial, 31-18, 81-11) 
trii,iiHf(»rnu*r«, binoitiini, 31-12 
line, 31.», 31-10 
quarter-wuv(‘, 31-11 
TidicbyHchefr, 31-14, 81-10 
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Formulas, impedance, measurements, loca¬ 
tion of minima, 34-12 
mutual impedance, 34-11 
slottod-line, 84-5 
very high VSWR, 34-9, 34-10 
mutual impedance, 2-11, 2-12, 34-11 
self-impedance, 2-10, 2-11 
leaky-wave antennas, direction of main 
beam, 16-42 

parameters, calculation of, 16-8, 16-9 
interrelationship of, 16-7 
measurement of, 16-9,16-10 
scanning, 16-44, 16-45 
lens-surface, n greater than 1, 14-3 to 
14-6 

single refracting surface, 14-3 
two refracting surfaces, 14-3 to 14-5 
zoning, 14-5 

bandwidth of lenses, 14-6 
n less than 1, 14-6 to 14-9 

single refracting surface, 14-7,14-8 
bandwidth, 14-8 
wide-angle-scan type, 14-8 
lens-type radiators, gain, 14-9, 14-10 
lenses, artificial delay, equivalent-molecu- 
lar-mediuzn analysis, 14-23, 14-24 
equivalent-transmission-linc method, 
14-25 

isotropic arrays, dielectric spheres, 
14-22, 14-23 
metal spheres, 14-22 
matching methods, 14-28 
path-length medium, 14-30 
designs for variable-refractive-index 
lens, 14-40 

dielectric, 16-15, 15-16 
Luneberg, construction methods, 16-8 
geodesic analogue of, 15-7 
smaU-feed-circlc, 16-5, 15-6 
two-dimensional, 16-4 
metal-plate, two-point correction, 

16-17, 15-18 
waveguide, 14-31 

plate spacing limitations, 14-33 
reflection and transmission at 
interface, 14-33, 14-34 
natural-dielectric, 14-12 
dissipation loss in, 14-12 
reflection loss in, 14-13, 14-14 
surface matching methods, 14-15, 
14-17, 14-18 
Schmidt, 16-12 
variable-index, 16-18, 15-19 
linear elements, arrays, radiation patterns 
of, 6-3 

coupled antennas, 3-18 
dipoles, asymmetrical, mean-value for¬ 
mulas, 3-15 

cylindrical, 3-2, 3-7, 3-8 
folded, 3-13 to 3-15 
monopole antennas, impedance and 
pattern affected by finite-size 
ground plane, 3-22, 3-24 
radial-rod ground plane, 3-25, 3-26 
relationship to balanced antennas, 
3-22 


Formulas, long-wire antennas, modified 

current distributions, radiation pat¬ 
terns for, 4-35, 4-36 
single wire as unit radiator, field pat¬ 
tern equations, 4-5 to 4-7 
loop antennas, radiation patterns for, 6-1, 
6-2 

radiation resistaiieo, 6-2, 6-3 
microwave beacon antennas, feed systeni, 
26-7, 26-8 

phase error effects on lino sources, 2-130 to 
2-35 

phase-front measurements, 34-28 
polarization, circular, 17-10 

horn radiators, dual-mode, 17-10, 
17-17 

similar antennas combined, 17-11, 
17-12 

elliptical, transmission iKstwocn two 
antennas, 17-7 

measurements, 34-29 to 34-32 
orthogonality, 17-8 

radar antennas, lobing, conical scanning, 
26-26 

pencil-beam, Cassegrain systems, 26-13 
mismatch-improvement techniques, 
26A, 25-5, 25-7 
reflector error effect, 26-36 
ring-focus feed, 26-31 
radiation patterns, range requiromonts, 
distance, 34-14, 34-15 
imiform illumination, 34-17 
shaping, linear arrays, 2-42, 2-43 
radio propagation, 33-3 

transmission, ground-wave, xnedium- 
and low-frequency, 33-18 
line of sight, 33-3 to 33-5 
tropospheric, diffraction, 38-11 
refraction, 33-9 

radio-telescope antennas, brightness, 
observed distribution and effect of 
antenna smoothing, 29-8, 29-9 
equivalent temporatiin^ and calibra¬ 
tion, 29-5 to 29-7 
interferometers, 29-21 
power flux density, 29-4 
range, 29-13, 29-14 
resolution, 29-11, 29-12 
sensitivity, 29-16 
radomes, losses, 32-22 
materials, 32-30 to 32-33 
mechanical proporties, 32-31 
normal incidence, 32-17 
refraction, 32-21, 32-22 
sandwich, 32-23, 32-24 
single-wall, 32-5, 32-7, 32-8 
small, for matching fc<‘d horns, 32-23 
streamlined, 32-19, 32-21 
thin-wall, 32-12 

random errors, continuous apertures, 
2-40 

discrete element arrays, 2-30, 2-37 
reflectors, coma-corroctcd, 16-14 
paraboloidal, 16-20 
paraboloidal-type, feed horn off 

12-8 
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I'ornQ.ulas, reflectors, paraboloidal-type, 
small feed displacement pattern, 

12- 9 

gain, 12-13 

radiation patterns, 12-10 
passive, double-mirror systems, 13-2, 

13- 3, 13-5 

Luneberg-lens, 13-13,13-14 
periscope antenna systems, 13-8 
single-mirror systems, 13-2,13-3,13-5 
point-source to line-source, 12-26 
point-source to point-source, 12-25 
reflector-typc high-gain antennas, 
energy divergence of reflected 
wave, 12-4 

signal amplitude of reflected wnv<‘, 

12-3 

^apcd-bcani, double curved, 12-21, 

12-22 

singly curved, 12-20 
wide-angle, 12-27 

scanners, Bch^araschild system, 15-13 
surf acc-of-ro volution, 15-9 
Zeiss-Cardioid, 15-13 
slot antennas, annular, radiation field, 

8-8, 8-9 

arrays, condvietanee, 9-12 
field ratios, 9-12 
impedance, 9-4, 9-6 
phase, 9-12, 9-13 
power radiated, 9-12 
radiators, waveguide-fed, <u)xxduct- 
aiieo, 9-8 

surface current, 9-2 
resonant spae.od array, 9-14 
axial, in circular cylinder, phase, 8-8 
radiation field, 8-4 
half-wave radiating, near field, 8-3 
ra<lintion pattern, 8-3 
notch, impedance, ^15 
rectangular, haiidwidtli of hacked 
cavity, 8-13 
radial ion fclcl of, 8-2 
single, in flat metal shi^et, imp<‘danee, 
8-11, 8-12 

surfac(»-\vave unUMinas, arrays, 16-lU, 
16-20 

gain, 16-13, 16-15 

parameterH, culeulalion of, 16-8,16-1) 
interr<*lut ioiiKliip of, 16-4 to 16-7 
nuMisiircMnent of, 16-9, 16-10 
raclialion, 16-11, 16-12 
Burfac<*-wiiv<*-<*xcited arrnys, aiH*rt.ur<» 
dintrihution <*ont roUe<l, 16-30 
arrays of line Hources an<l area sonret's, 
16-:{4 

dirc<-tion of main l>eum, 16-2K, 16-21) 
gain, 16-32 

ineaHur<*in(*nt of eUMneni eonduetunci's, 
16-31 

Han<lwich-wirc uiitcnna, 16-30 
trongh-guith* antenna, 16-38 
tranHiiiiHHion Un(‘s, coaxial, Holid ecnuluc- 
tor, luMid-Hui)|K)rt<'d, 30-f> 
helical ctmtiT conductor, 30-0, 30-7 
paraineters, 30-4, 30-5 


Formulas, tranarniBsion lines, loss, 80-2 
open-wire, 30-3, 80-4 
strip, symmetrical, 30-18 
surface wave, 30-29, 39-30 
TV receiving antennas, simple arrays, 
24-13, 24-14 

stacking problems of, 24-24 
Yagi-Uda arrays, broadbanding, 24-23 
VHF and UHF communication antennas, 
coupling of, 22-18, 22-19 
waveguides, biconicol, 39-29 

hollow-tube, attenuation constant, 

30-21 

circular, 39-21, 30-24 
cutoff constant, 30-21 
propagation in, SO-18 
r(‘!(*.tangular, 30-19, 30-20 
ridgod, 80-^ 
radial line, 30-28, 30-29 
trough, 39-27 

Foster scanner, 16-27,15-28 
Four-slot antennas, 23-19, 23-20 
Franklin antennas, 4-30, 22-7, 22-8, 24-6, 
24-7 

Franklin arrays, 22-7, 22-8 
Fretpunicy, dependence of absorbers, 32-38 
fr<uiuency-iiidopondont antennas, 18-1 to 
18-32 

arrays over ground, 18-24 to 18-20 
circularly polarized, 18-31 
equiangular, 18-3 to 18-10 
characteristics of, 18-3 
design considerations, 18-9, 18-10 
geometry of, 18-3 to 16-6 
spiral, 18-4 

impedance, 18-0 to 18-9 
nouplauar structures, 1^10 

conical, made of coaxial cahloH, 

18-9 

spiral on a cone, 18-9 
pattern rotation, 18-6 
planar »tru<*.tureH, 18-5, 18-0 
praidiical stnicturcH, 18-5 
rafliution pattern, 18-9 

UH fiiiiciiou of cone half angle, 
18—7 ^ 

iwo-aniiH, out in metal plat(‘, 18-7 
design chart for, 18-8 
f<»c*d rc'gion of, 18-7 
outliiu^aiid parameters of, 18-(> 
fi*<‘.dH for reflifeiors and lens, 18-26 to 
18-30 

angle subUmde^d by parabolic rollei- 
tor, 18-26 

dependcnco of phase I'cnter, 18-27, 
18-2« 

pat.l(*rn eharac^teristicH, 18-27 
reIl<*eU>r gain as function of feed 
pUwxMiient, 18-29 

Il-F eoininiuncations, 18-25, 18-*30 
doHign parnin(‘t<*rH for, 18-20 
clevution i)alt<TnH for, 18-25, 18-20 
log-periodic, 18-U)t'0 18-24 

arrays of CikMiuMits, 18-17 to 18-24 
<leHign i.)roce(iur<‘H, 18-23,18-24 
dipole, 18-13 
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Frequency, frequency-independent anten¬ 
nas, log-periodic, arrays of 
elements, multielement 
arrays, 18-21, 18-22 
geometry for end-fire elements, 
18-21 

phase-rotation phenomena of, 

18-22 

predicted and measured pat¬ 
terns for, 18-23 

tT^o-element arrays, 18-17 to 18-21 
beam width relation to clement, 
18-18 

E-plane patterns for wire trape¬ 
zoidal tooth structure, 18-19 
impedance, 18-19 to 18-21 
pattern characteristics of, 18-17 
to 18-19 

schematic representation of, 

18-17 

characteristics, 18-10, 18-11 
of elements, 18-15 to 18-17 
distance from vertex to phase 
center, 18-17 

pattern of wire trapezoidal 
tooth, 18-16 

practical structures, 18-11 to 18-14 
self-complementary structures, 

18-14,18-15 

constant impedances obtainable, 
18-15 

with threefold and fourfold sym¬ 
metry, 18-14 
types of, 18-12 
omnidirectional, 18-30, 18-31 
principles of, 18-2,18-3 
high-frequency aircraft antennas, 27-12 
to 27-21 

high-frequency arrays, 21-1 to 21-35 
corner-reflector-type, 21-26, 21-27 
curtain arrays, 21-6 to 21-17 
adjustment of, 21-17 
broadband high-power example, 
21-28, 21-29 

radiation patterns computed for, 
21-29 

schematic of, 21-28 
current distribution for, 21-16 
currents, 21-15 
feeder problems, 21-15, 21-16 
transmission line arrangements, 
21-15 

input impedance for, 21-16 
matching problems, 21-16, 21-16 
multibay, 21-8 to 21-10 
with beam slewing, 21-14 

conical radiation patterns for, 
21-14 

electrical characteristics of, 

21-30 

element arrangement for, 21-31 
radiation patterns for, 21-32 
standing-wave-ratio characteris¬ 
tics of, 21-33 

three-bay example, 21-30 to 
21-33 


Frequency, high-frequency arrays, curtain 
arrays, multibay, with beam 
slewing, transmission linos 
for, 21-31 
vertical, 21-17 
conical beam width of, 21-10 
design curves for, 21-9 
performance measurements of, 21-17 
power losses, 21-15 
practical considerations, 21-16, 21-17 
screen-type reflectors used, 21-13 
single bay, 21-6 to 21-8 
design curves for, 21-7 
special types of, 21-27, 21-28 
tuned reflectors used, 21-10 to 21-12 
vertical radiation patterns for, 

21-12 

design developments in, 21-28 
discussion, 21-2, 21-3 
fishbone-typo, 21-26 

horizontal pattern for, 21-26 
flat-top beam, 21-27 
high-gain installations, examples of, 
21-28 to 21-33 

high-voltage effects, 21-33, 21-34 
horizontal dipole, multieloment arrays, 
21-6 to 21-17 

single, above ground, 21-3 to 21-0 
design curves for, 21-5 
horizontal V, 21-23 to 21-25 
calculated patterns, 21-25 ^ 
insulation requirements, 21-33, 21-34 
long singlo-wiro, 21-23 

idealized polar pattc^nis, 21-24 
parasitic, director and reficjctor ele¬ 
ments used, 21-25, 21-20 
receiving antennas, 21-34 
rhombic horizontal, 4r24, 21-17 to 
21-23 

above ground, 21-21 
discussion, 21-17, 21-18 
multiple, 21-22 

perfoniiaiic© curves, 21-11) to 21-21 
conical beamwidth, 21-21 
design curves, 21-19 
power gain, 21-20 

pra(*.tical considoratioiiH, 21-22, 21-23 
radiation, efficiency inen^ased, 21-22 
pattern, 21-18 
resistance, 21-18, 21-19 
reentrant, 21-22 

suppression of niiiior lobes, 21-21 
symbols used, 21-18 
vertical-radiation aiigU^s for one-hoi.) 
circuits, 21-3 

low-frequency antennas, 19-1 to 19-19 
aircraft, 27-2 to 27-12 
charactoristies, 19-2 to 19-8 
direction-finding, 28-18 
discussion, 19-1, 19-2 
effective height, definition of, 19-6 
ground systems, 19-10 to 19-16 

Air Force VLF antenna at Marion, 
Mass., 19-15 

ground-distribution, 19-12, 19-14 
multiple-star, 19-12 
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Frequency, low-frequency antennas, 

ground systems. New Brunswick, 

N. J., VLF antenna, 19-12 
Rocky Point, N.Y., VLF antenna, 

19-13 

Tuckerton, N.J., VLF umbrella an¬ 
tenna, 19-11 
illustration of, 19-7 

impedance measurements, 34-2 to 34-4 
multiple-tuned, 19-8 to 19-10 
circuitry, 19-9 
problems of, 19-16, 1®"17 
small antenna, definition of, 19-2 
theoretical radiation resistance of, 19-3, 

19- 4 

transmission, ground-wave, 33-17 to 
33-20 

medium-frequency broadcast antennaa, 

20- 1 to 20-39 

arrays, adjustments of, 20-30 to 20-33 
initial adjustment, 20-31 

cross-minima nieasuroinenl,H, 2(^31 
proof of performance, 2(^31 to 20-33 
monitor points ostablishod, 20-33 
requirements, 20-30 
sampling system, 20-30, 20-«i I 
techniques for obtaining pattern with 
deep minima, 20-31 
vector <liagraniH ustul, 20-31 

thre<voloment dir<u'.tioual-antennas 
pattern, as example, 20-33 
voltagt'H in high-power arrays, 20-33 
circuitry for, 20-27 to 20-30 

across base insulator, 20-33,20-34 
a-e power supply, 20-33 
FM and television transnusHion 
lilies, 20-33, 20-:i4 
two inothoda for isolating, 20-34 
networks for inii)e<laiic.e transfc^mia- 
tion and pbasci c.ontrol, 20-2H 
operating rcsistaiiceH, very higli or 
very low, 20-30 
tank eirmiit used, 20-30 
phaHiM-ontrol networks, 20-U0 
power-division circuits, 20-29,20-30 
comiuoii-point resistaiu'e, 20-29 
design chart for, 20-29 
required fuiu'.tions in block form, 
20-28 

transn imsion-linci re < piirc nu 'iits, 

20-29 

transmit t(‘r protect!vc^ eireuit, 20-38 
tuning units design, 20-28 
types (‘inployi'id, 20-27, 20-28 
directional, 20-17 to 20-27 
eireiiitry for, 20-27 to 20-30 
(^ffeet of (initio radiiitor cross sc'ction, 
20-27 

ofFeetiv(‘ field, 20-20 
ealiMilat ion of, 20-2U 
d(*(inition, 20-20 

r()ot-nn‘an-s(iuar<' borizontal-phme 
values of ruiliiition patterns, 
20-20 . 
iinpedaiu^e, base op(*rating of radia¬ 
tors, 20-25, 20-20 


Frequency, medium-frequency broadcast 
antennas, directional, impe¬ 
dance, negative-resistance 
elements, 20-25, 20-26 
parasitic elements, 20-25 
mutual, 20-22 to 20-25 
orientation and spacing choices, 

20-27 

purpose of, 29-17, 20-18 
radiation, 20-18 to 20-25 
pattern shape, 20-18 to 20-21 
three or more elements, 20-19 to 
20-21 

two-element systems, 20-18, 

20-19 

pattern size, 20-21 to 20-25 

mechanical integration to deter¬ 
mine mutual resistance and 
reference field, 20-25 
mutual impedance, 20-22 to 
20-25 

operating resistance of radiators, 
20-22 

total resistance, 20-21, 20-22, 

20-25 

pormisHildc values of, 20-18 
tower height, choice of, 20-27 
ground currents, 20-2 
ground systems, 20-15,20-17 

eff<u‘t of losses on antenna perform¬ 
ance, 20-17 

lo(^al soil conductivity effects, 20-17 
multioleinent arrays, 20-17 
nature of ground currents, 20-15, 

20-17 

zone currents returning to an¬ 
tenna, 20-15 
Tcciiiircinents, 20-16 
guy-wire iuHiilation, 20-33 
performance requireinontB, 20-41, 20-4 
power liniitiitions and, 20-3 
vert.u*al radiation patterns for differ- 
(Mit heights of, 20-3 
radiation patt(^riiH, vertical, 20-3 
radiators, chtira(‘.t(‘.riMUcH c)f, 20-2 
section aliz<ul, 20-14 to 20-10 
(‘ITccts of < it ionali nation, 20-14 
finite cross section eftcclH, 20-14 
to 20-16 

current and phase distribution, 

20-14 

methodH of siictionalizing, 20-14 
radiating eflieinney of, 20-13 
radiation pattoniH, 20-16 
Hliunt-f(‘d. 20-10 to 20-12 

m(‘aHur<*<l imJK^dance of, 20-U^ 
v<Ttical-ra(Uation tihoractcristic 
cffc'ct, 20-12 
i(>p-l(>a<lc<l, 20-m, 20-14 

cdTcctivc (hddof vortical radiator, 
20-1 

vorticud, charactciriHtica, 20-4 to20-16 
asHuniptions in caloulationu, 20-4 
(Mirr<‘ut distribution and image, 

20-4 
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Frequency, medium-frequency broadcast 
antennas, radiators, vertical, 
characteristics, general for¬ 
mulas, 20-6 to 20-9 
vertical-radiation, 20-6, 20-8 
field produced by, 20-4 
finite cross section effects, 20-9, 
20-10 

current distribution, 20-9, 20-10 
vertical-radiation characteristic 
and form factor, 20-10 
operating base resistance, 20-5 
as function of characteristic im¬ 
pedance, 20-6, 20-7 
radiation resistance, 20-4 

radiated field and, as function 
of antenna height, 20-5 
signal scattering and reradiation, 20-35 
to 20-37 

high-tension a-c power lines, 20-36 
large objects, 20-36 
short towers, 20-35, 20-36 
tall towers, 20-36, 20-37 
control of reradiation, 2036, 2037 
detuning by suitable base react¬ 
ance, 2037 

simultaneous use of single tower at 
two frequencies, 2034 
acceptor-rejector ^ters, 2034, 20-36 
site selection for transmitter, 20-34, 
20-35 

site surveys, 20-35 
static discharges, 2037, 20-38 
transmission, ground-wave, 33-17 to 
83-20 

UHF communication antennas, principal 
operating frequencies, 22-2 
VHF communication antennas, principal 
operating frequencies, 22-2 
television channels, allocation of, 24-2 


Gain, 1-3, 2-13, 2-14 
aircraft antennas, isolated cap, 27-15 
arrays, end-fire, 023 

multielement broadside, 6-14 
formula for couplet array, 5-14 
omnidirectional collinear, 027 
simple arrangements with parasitic 
antennas, 6-7 
gains expected, OlO 
two-element driven, 6-6 
Yagi-Uda, 6-26 

TV receiving, broadband, 24-19 to 
24-23 

single-channel, 24-17 
corner-reflector antennas, and spacing 
effects, 11-2,11-3 

UHF television receiving, 24-28 to 
24-30 

dipoles,, fan-type, 24-5 
triangular, 24-26 

direction-finding antennas, 28-7, 28-8 
directivity values, 2-13 
frequency, frequency-independent an¬ 
tennas, 18-29 


Gain, frequency, high-frequency antennas, 
aircraft, 27-16 

examples of high-gain, 21-28 to 21-33 
power gain, 21-20 
helical antennas, 7-7 
high-gain reflector-type antennas, 12-1 
to 12-28 

horn antennas, biconical, 10-14 
conical, 10-11 
pyramidal, 10-7, 10-8 
sectoral, 10-6 

leaky-wave antennas, 16-43 
lens-type radiators, 14-9 to 14-11 
limitations for apertures of specified siac, 
2-50 

loop antennas, maximum, 6-3 
measurements, 34-20 to 34-26 
definitions, 34-20, 34-21 
direct-comparison method, 34-21,34-22 
setup for, 34-21 
directivity, 34-24 to 34-26 
radiation pattern, linear-field plot, 
34-25 

sensitivity, 34-24 

“standards,** use and calibration of, 
34-22 

microwave beacon antennas, 26-10 
radar antennas, 25-2 
random error effects, 2-36 to 2-40 
reflectors, line sources produced, 12-19 
parabolic-cylinder, 12-10 
paraboloidal-typo, 12-12, 12-13 
passive, periscope antenna systems, 
13-7 

shaped-beam, 12-23, 12-24 
rhombic antennas, 24-27 

horizontal, high-frequency, 21-20 
Bcreen-reflector-typc antenna, 24-10 
surface-wave antennas, 16-12 to 16-16 
surface-wavo-excited arrays, 16-32 
tripoles, 24-11 

TV receiving antennas, simple arrays, 
24-12, 24.13, 24-15 
Yagis, broadbaiided, 24-19 to 24-23 
single-channel, 24-17 
V antennas, 24-27 

VHF and UHF communication antennas, 
base-station skirted, 22-0 
Glide-slope antennas, 27-28, 27-29 
Goniometer in Adcock fixerl arrays, 28-21 
Ground-plane antennas, 22-4 
Guy wires, insulation of, in nn^dium-fn^- 
quency broadcast antennas, 20-33 


Half-pillbox antennas, 12-17, 12-18 
Helical antennas, 7-1 to 7-12 
arrays, 7-7 to 7-9 

configurations producing linear polar¬ 
ization, 7-8 

constructional details, 7-8 
high-gain systems, 7-7 
measured coupling, 7-9 
summary of meaHiir<*<l |>(‘rf<)rinune<*, 
7-8 

winding arraiigeinont, 7-9 
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Helical antennas, axial-mode, 7-1 to 7-7 
beamwidth, 7-4, 7-6 

half-power, as function of axial 
length and circumference, 7-6 
compared with omnidirectional, 7-1 
diameter-spacing chart, 7-3 
directivity patterns, 7-6 
helix and associated dimensions, 7-2 
impedance measurements, 7-6 
measured azimuthal electric-field pat¬ 
terns, 7-4 
power gain, 7-7 

summary of measured performance, 7-6 
broadside-type, 7-9 to 7-12 

horizontal pattern, measured, 7-11 
partial instantaneous fields, 7-10 
vertical patterns, 7-10 
measured, 7-11, 7-12 
polarization, circular, 17-14 
UHF television transmitting, 23-20, 23-21 
Helicopter, VO 11 antenna locations on, 

High-gain reflector-type anteiiiias, 12-1 to 
12-28 

Holt^y-plato antennaH, 16-63 
Homing antennas, 27-41 to 27-46 
Horn antonuas, 10-1 to 10-18 
asymmetric, 10-17 
H-plane array, 10-17 
biconical, 10-13, 10-14 
circularly polarized, 17-13 
excitation methods, 10-13 
feeding methods, 10-13 
gain, 10-14 
imiKMlanec, 10-14 
radiation patterns, 10-14 
box, 10-15 

for ra<lar, 26-33 
compound, 10-14,10-16 
coni<^al, 10-11 to 10-13 
gain, 10-11 

correction factor, 10-11 
impedance, 10-13 
radiation path^rns, 10-11 to 10-13 
obHerv<*<l, for horns of viirious dimen- 
sioiiH, 10-12 
olcetroformiug, 36-22 
feed-horn design for radar, 26-30 to 28-3o 
pcneil-heuin ant<mnas, 26-H 
hog, 10-17 

pyrutnidal, 10-7 to 10-1 1 

design conHich’niiions, 10-9 to lO-l 1 
design curvi's, 10-10 
gain, 10-7, 10-« 

calculated varuitions, 10-10 
corr<‘ction factor, for K plane, 10-H 
for If plane, 10-0 
imp(*dnnee, 10-0 
optimum horn, 10-H 
railinlion piitiernH, 10-H, 10-0 
rudialion piitterns, uiiiversiil, 10-4, 10-6 
sectoral, 10-6 to 10-7 
gain, 10-(1 

K plane, 10-0 
II plan<‘, 10-7 
impedance, lO-O, 10-7 


Horn antennas, sectoral, radiation patterns, 

10-6, 10-6 

types of, 10-1 to 10-4 
uses of, 10-1 to 10-4 
waveguide radiators, 10-16 to 10-17 
dual-mode, 17-14 to 17-20 
radiation patterns, H-plane, 10-16 
rectangular waveguide, 10-16 
round waveguide, 10-16 
Huygens* principle, 2-7 


Impedance, 1-4, 2-10 to 2-13 

aircraft antennas, annular-slot, 27-36 
isolated cap, 27-15 
omnidirectional, 27-36 
shunt-fod, 27-20 
wire, 27-13, 27-14 

bandwidth relationships, 2-46 to 2-50 
cquivalont network, 2-48 
matching network for, 2-48 
optimum matching, 2-49 
Smith chart plot, 2-47 
charts, 34-7 to 54-9 
Carter, 34-8 to 84-10 
circle diagram, 34-7, 34-8 
V)aHic form of, 34-7 
Smith, 2-47, 31-4, 84-8, 34-9 
basic form of, 34-8 

oornor-rofiector antennas, UHF television 
receiving, 24-29 
coupled antennas, 3-20, 3-21 
for curtain arrays, input, 21-16 
dipoles, aHymmetri(*!al, moan-vahio for¬ 
mulas for, 3-16 
hi conical, 3-10 to 3-13 
collinnar, 24-6 
cylindrical, 3-1 to 3-4 
fan-typo, 24-5 
folded, 3-14, 3-16 
low-hand, 24-9 
full-wave, 24-7 
Hleev^^ 3-18 

freci\iciHy, fr(Uiucn<‘.y-independ<Mit. an¬ 
tennas, 18-6 to 18-0, 18-15 
l()g-I)oriodic, two-tdcinent arrays, 
18-19 to 18-21 

high-fre(iuoncy arrays, 21-16 
U>w-fr(uiuenc‘.y antennoB, 34-2 to 34-4 
nuuHum-frciiiicney broa<l('.aHt antennas, 
20-6, 20-7, 20-11,20-28 
haw^ operiiiing impedance of radia- 
torH, 20-26, 20-26 
mutunl linpediuif.e, 20-22 to 20--6 
helical ant.eniuiH, 7-0 
horn antnnnurt, hioonical, 10-14 
<*oni<'al, 10-13 
t)yramitlal, 10-1) 

H(*eU)ral, 10-6,10-7 

input urrays, nimple arrangemonts with 
imnvrtitie. aiitimiiiMi, 6-7 
Yagi-lUla, 6-2(1 

leng-wire luiUMiniis, 4-311 t<)4-o6 
inntehing, 31-1 to 31-31 
l>nliinH, 81-22 to 31-25 
tyix'w of, 31-23 



INDEX 


14 

Impedance, matching, disouBsion, 31-1,81-2 
dissipative devices, 31-28, 31-29 
distributed elements, 31-8 to 31-17 
lumped elements, 31-4 to 31-8 
inductively coupled, 31-6, 31-7 
circuits, 31-7 

tuned, matched between resist¬ 
ances, 31-8 
equivalents of, 31-7 
L section, 31-6 
reactive, 31-6 
lattice section, 31-6 
equivalents of, 31-7 
T section, 31-6 

equivalents of, 31-7 
reactive, 31-6 
reactance, 31-7 
T section, 31-6 

equivalents of, 31-7 
reactive, 31-6 

nonreciprocal devices, 31-28, 31-29 
power transfer, maximum, 31-2 
of transmission circuits, 31-2 
radar antennas, pencil-beam, 26-7 
reflection, minimum, 31-3, 31-4 
reflection loss, 31-3 
reflection-coefficient charts, 31-4 
Smith chart, 31-4 
stubs, transformers combinations, 

31-20 to 31-22 

single compensating stub, 31-21 
tapped stub, 31-22 
two compensating stubs, 31-20, 
31-21 

two-section compensating stubs, 
31-21 

transmission-line, 31-9 

lumped-reactance determined, 31-9 
tapered lines, 31-17 to 31-20 
exponential, 31-17, 31-18 
nonexponential, 31-18 to 31-20 
transformers, binomial, 31-12 to 31-14 
design ratios for, 31-13 
line, 31-9, 31-10 

frequency sensitivity of, 31-12 
for matching to resistance, 31-10 
quarter-wave, 31-11, 31-12 
cascaded, 31-12, 31-13 
reactive transformation trim incr 
for, 31-11 

stubs and (see stubs, traiisforiners 
combinations, above) 

Tchebyscheff, 31-14 to 31-17 
design charts, 31-16, 31-16 
design ratios, 31-17 
Dolph-Tchebyscheff tapered tran¬ 
sition, 31-16 
performance, 31-15 
measurements, 34-2 to 34-12 

bridge, for low frequencies, 34-2 to 34-4 
commercially available bridges, 
34-3 

image plane used, 34-12 

collinear dipoles over reflecting 
ground plane, 34-12 
location of minima, 34-12 


Impedance, measurements, mutual impe¬ 
dance, 84-10, 84-11 
slotted-line, 34-4 to 34-7 
current probe, 34-4 
minima determination, 34-6 
setup for, 84 t4 

standing-wave patterns, 34-5 
voltage probe, 34-4 
very high VSWll, 34-9, 34-10 

accurate location of minimum posi¬ 
tion, 34-10 

monopole antennas, 3-22 to 3-24 
mutual impedance, 2-11 to 2-13 
coupled antennas, 3-20, 3-21 
me^um-frequency broadcast antennas, 
20-22 to 20-26 

pillbox antennas for radar, 25-36 
rhombic antennas, 4-33, 4-34 
self-impedance, 2-10, 2-11 
slot antennas, arrays, 9-3 to 9-6 
notch, 8-16 

single, in flat metal sheet, 8-10 to 8-12 
standing-wave antennas, 4-34, 4-36 
transmission lines, 30-3 
open-wire, 30-4 
strip, 30-16, 30-16 
microstrip, 30-16 
symmetrical, 30-10 
wires in different shaped enclosures, 
30-14 

tripoles, 24-10 

Inductive-grid antennas, 16-61,16-62 
Insulation, of guy wires in medium-fre¬ 
quency broadcast aiitonnas, 20-33 
requirements for high-froquoncy ajrrays, 
21-33 

Interference, VHF and UHF communica¬ 
tion antennas, 22-16 to 22-18 
Interferometers, 29-20 to 29-23 


Leaky-wave antennas, 16-1 to 16-10, 16-42 
to 16-67 

definition of terms, 16-2, 16-3 
design principles, L6-42 to 16-46 
aperture distribution control, 16-42 
array synthesis, 16-43 
arrays of lino sourcios and ar(*a Hources, 
16-43, 16-44 
beam shaping, 16-43 
beam width, 16-43 
curvature, 16-43 
feods, 16^4 
gain, 16-43 

main beam direction, 16-42 
polarization, circular, 16-44 
radome, effect of, 16-44 
scanning, 16-44, 16-46 
sido-lobe level, 16-43 
termination, 16-44 
discussion, 16-2, 16-3 
parameters, caleulution, 16-8, 16-9 
corrugated-inetnl surface, 16-9 
interrelation ship, 16-4 to 16-7 
phase and amplitude fronts, 16-7 
measurement, 16-9, 16-10 
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Leaky-wave antennas, structures (specific), 
16-45 to 16-53 
coaxial lines, 16-45 to 16-47 
dishpan antennas, 16-46 
holey-plate antennas, 16-63 
inductive-grid antenna, 16-52 

relative phase velocity and leakage 
attenuation on, 16-51 
longitudinal strips, 16-52 

phase velocity and leakage attenu¬ 
ation on, 16-52 
mushroom antennas, 16-53 
slots, closely spaced, holes in rectangu¬ 
lar waveguide, 16-47 to 16-49 
phase velocity on, 1648 
long, circular waveguide, 1647,16-48 
rectangular waveguide, 1647 
rolativo phase velocity on, 16-40 
thick transverse, plane array (if, 

1640 

transverse strips, 16-61, 16-52 
trough-guide antenna, 1649 to 16-61 
continuously asymmetric, 16-60 
leakage attenuation, 16-60 
pori()di(^ally asymmetric*., 16-60 
waves, properties and measure mcuit, 

164 to 16-10 

Lons aiitc'nnas (see LcuiH-typc; raclititorH) 
Lens-type^ radiators, 14-1 to 1443, 26-9 to 
25-11 

configurations used, 14-2 
foods for, fr<‘(iucncy-indepiMi<l(uit an- 
tmuuis, 18-20 to 18-30 
gain, 14-9 to 14-11 

apc^rturci illuininution, afftwted ny lens 
shape, 14-9 to 14-11 
ratios, 14-10, 14-11 
spillover loss, 14-9 

lons-surfaco formulas, n gr(^at<T than 1, 

14-3 to 14-0 

reduction of ftHul YSWIt, 14-5 
single rc'frucUng s\irfiicc, 14-3 
l(*im-shap<^ dc^sign, 144 
two r(‘frac‘ting surfact's, 14-3 lo 14-5 
zoning. 14-5 

huiidwidth of Icnsc's, 14-U 
effc'H on apc'rlun* illutninHiion, 

14-5. 14-5 

n l(‘ss than 1, 14-5 to 14-9 
IcuiK-shapc design, 14-7 
single refracting scirface, 14-7,14-8 
band wicl til, 14-H 
shadow intro(luc(»<l by zoning, 
14-8 

wi(l<*-angl(*-H<*an tyixt 14-8, 14-9 
lcns(^s, iirtilicial eleday, 14-21 to 14-30 
arrays of thin nud.allic obstiudes, 

14-21 

0 (iuivalc‘nt.-inolcMUilar-uie<liuiii 

analysiH, 14-23,14-24 
<d(*etrie and imigncd.ic polari'/a- 
biliti(‘S for, 14-24 

construcMiou in(‘thods, 14-20,14-30 
imdal-strip chday U‘nH, 14-29 
support for array of sphcrienl 
oi)stacl<‘s, 14-29 
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Lens-type radiators, lenses, artificial delay, 

equivalent-transmission-line 

method, 14-24, 14-26 
equivalent circuit of obstacles in 
parallel-plane line, 14-24 
isotropic arrays, dielectric spheres, 
14-22, 14-23 
metal spheres, 14-22 
matching methods, 14-27 to 14-29 
additional obstacles used, 14-28 
voltage-reflection coefficient, 

14-28 

metal-strip medium, 14-25, 14-26 
rcdractivo-indcx and image-ad¬ 
mittance values, 14-26 
metallic circular obstacles, 14-20, 

14-27 

metallic square obstacles, 14-26, 

14-27 

index of refraction, 14-28 
path-length medium {see path- 
length lens medium, bdow) 
voids in solid dielectric, 14-23 
coiKscntric, 16-LO 

designs for variablo-rofractivo-index 
lens, 14-40, 14-41 
dielectric, 15-14 to 16-16 

isotropic arrays of spheres, 14-22, 
14-23 

natural-dielectric (see natural- 
dielectric, helov)) 
solid, 14-23 
wid(v-anglc, 16-16 

Luneberg, 13-13,13-14, 16-3 to 16-8 
constant-thiiskncHS, 16-18 
motal-i,)lute waveguide, 14-31 to 14-39, 
16-15, 15-17 

constraiiK^d refraction, 14-31 to 
14-33 

in M i)lau<% 14-32 
in // plane, 14-32 

(uinstructioii (^amplc^s, 14-38, 14-39 
confltant-thic.kiKiHB waveguide 
hum, 14-38 

cgg-(^rtiti<-typo iiK^dium, 14-38 
Htopixul (‘.oimtruction, 14-37 
UmitaiiouH on plate spacing, 14-33 
vs. limiting angle of incidcncc’j for 
pure HiHM'.iilar rclU'c.tion, 14-33 
nu*t,al-ro(l im'dium, 14-It9 
refractive index, 14-40 
nictul sheets pcrpiMidicnilar to dircM*.- 
tion of propagation, 14-40 
rclhu^iion losses nxhmcd, methods 
for, 14-35 to 14-38 
surface reflcsctions reduced, 14-37 
refh'ciion luid tninHiniHsion at inter¬ 
face', 14-33 to 14-35 
boundary of //-plane array, 14r'’4 
oxamph'H of effect of tranBiniHsion 
loss, 14-35 

ndative power, reflection, 14-35 
iranHininsiou, 14-34, 14-35 
two-point (*<»rree.ti()ti, 15-17,15-18 
mcftal-rod, 14-30, 14-40 
natiiral-dicU'ctrie, 14-12 to 14-21 
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Lens-type radiators, lenses, natural-dielec¬ 
tric, dissipation loss, 14-12, 

14-13 

for zoned-dielectrio lens, 14-13 
radiation patterns, 14-20 
reflection loss, 14-13 to 14-15 

po'wer-reflection coefficient, 14-14 
surface matching methods, 14-15 to 
14-21 

corrugations parallel to E field 
and perpendicular polarization, 
14-17,14-18 

disk diameter and spacing, 14-20 
example, 14-20, 14-21 
plane array of obstacles, 14-18 
single-boundary power-reflection 
coefficient, 14-15,14-19 
thickness of quarter-wave match¬ 
ing layer as function of inci¬ 
dence angle, 14-16 
transformers, simulated quarter- 
wave matching, 14-16 
optical axis, 15-14 to 15-19 
Schmidt, 15-12 
variable-index, 15-18, 16-19 
operation of, 14-2, 14-3 
path-length lens medium, 14-30,14-31 
conducting plates or grids used, 14-30 
slant-plate used, 14-31 
Lewis scanner, 16-23 
Line sources (see Directivity, patterns) 
Linear elements, 8-1 to 3-28 
arrays, 6-1 to 5-28 
apertures, 5-2 
applications, 6-3 
bidirectional, 6-2 
broadcast, 6-2 
broadside, 6-2 
comb antennas, 5-23 
definition, 6-2 
end-fire, 5-20 to 6-27 
continuous, 5-20 to 5-22 
phase velocity effect on directivity. 
6-21 

directivity pattern, 6-20 
fishbone antennas, 6-22, 5-23 
parasitic {see Yagi-Uda, bdou) 
schematic diagram, 5-20 
Yagi-Uda, 6-24 to 5-27 
gains, 5-25 

horizontal polar diagrams, 6-26 
input impedance, 6-26 
narrow beam, 6-26 
optimum director lengths and 
number of directors, 5-25 
schematic arrangement, 5-24 
small side lobes, 5-26 
(See also Yagi-Uda arrays) 
multielement broadside, 6-11 to 5-20 
arrays of arrays, 6-17 

directional diagrams, 6-17, 5-18 
couplet arrays, 6-14 

end-fire, patterns from, 6-16 
curtains of antennas, 5-18,6-19 
expected gains, 6-14 
pattern considerations, 6-13 


Linear elements, arrays, multielement 

broadside, quantitative considera¬ 
tions, 5-19, 6-20 

representative plots of directivity 
patterns, 6-12 

side-lobe considerations, 6-13 
stacked antennas, 6-17, 6-18 
tapered amplitudes, 6-13, 6-14 
omnidirectional, 6-2 

coUinear antennas, 6-27, 5-28 
expected gains, 6-27 
for radar, 26-34, 25-35 
radiation pattern shaping, 2-42 to 2-46 
representative forms, 6-2, 5-3 
simple arrangements with parasitic 
antennas, 6-6 to 5-11 
gains expected, 6-10 
lengths required, 6-9 
parasite, as director, 5-8 
as reflector, 6-8 

patterns, gains and input imped¬ 
ances, 6-7, 6-8 
performance ratios, 6-10 
reduction in resistance of radiator, 
6-11 

representative spacings, 6-7 to 5-11 
stacked, 6-2 
tapering, 6-3 

effects on patterns, 6-15 
test ratios, 6-2 

two-element driven, 6-3 to 6-6 
directive amplitude diagrams, 6-4 
directive patterns and gains, 6-5 
three-dimensional polar coordinate 
system, 6-3 

coupled antennas, 8-18 to 3-21 

circuit relationships of radiating sys¬ 
tems, 3-18 to 8-21 
mutual impodanco, 3-20, 3-21 
vertical field patterns, 3-19 
dipoles, asymmetrical, 3-16 to 3-17 

impedance, mean-value formulas, 3-15 
radiation patterns, 3-15 to 3-17 
different asymmetry ratio, 3-1(1 
different frequencies, 3-17 
biconical, 3-10 to 3-13 
impedance as function of length and 
cone angle, 3-10 
characteristic impodanco, S-ll 
input impedance for sniall-anglo, 
3-10 

reactance curves vs. flare angles, 
3-12 

resistance curves vs. flare tinglos, 
3-11 

radiation patterns, 3-13 

absolute values of far-zoiie <*l<‘<*tri(i 
field, 3-12 

cylindrical, 3-1 to 3-9 

antenna resistance vs. antenna 
length, 3-4, 3-6 

center-driven, input iinp(^dan<M‘, 3-2 
equivalent radius of noncdreular cross 
sections, 3-6, 3-7 
polygon, 3-7 
rectangle, 3-7 
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Linear elements, dipoles, cylindrical, impe¬ 
dance as function of length and 
diameter, 3-1 to 3-4 
pair of transmission lines as driver, 

3-3 

radiation patterns as function of 
length and diameter, 3-7 to 3-9 
different length-to-diameter ratio, 

3-9 

sinusoidal current distribution, 3-8 
reactance curves, 3-6, 3-6 
terminal conditions, 8-4 to 3-6 
folded, 3-13 to 3-16 

docoinposition into two fundamental 
modes, 3-13 

equivalent circuit, 3-13, 3-14 
impedance transformation as func¬ 
tion of ratio of conductor sizes, 
3-14, 3-15 

step-up transformation chart, 8-14 
multiple-folded, 3-16 
symmetrical mode, 3-14 
triply folded, 3-16 
Yagi-Uda array, 3-16 
sleeve, 3-17, 3-18 

equivalcmt circuit, 3-17, 3-18 
impedance as function of length and 
diameter, 3-18 

input reactance as function of fre¬ 
quency, 3-19 

input resistance as function of fre¬ 
quency, 8-18 
discono antennas, 3-24 
tnonopole antennas, 3-21 to 3-24 
impedance and pattern affected by 

finiU^-Hizo ground plane, 3-22 to 
3-24 

antenna on circular ground plane, 

3-2:1 

universal <’.urvc, 3-23 
mounted on edge of a sheet, 3-24 
radiation patterns, 8-24 
radial-nxl ground plane, 3-24 to 3-26 
increineiital Hidf-resistauce, 3-26 
redaiionship to balaiieecl ant<jniiaH, 

3- 21,3-22 

(piadrant antciniaH, 3-26 
Lloyd’s mirror iiiK'rferoinetep, 29-22 
Lobing antennus, 26-26 to 26-30 
Ijong-wire nniiMinas, 4-1 to 4-37 
arrays, 4-10 to 4-12 

horizont ally polarize<l main bt^aiuH, 

4- 11, 4-12 

vertically ixdarized main IxMinm, 4-10, 
4-11 ' 

cirenital prop<*rti(»H, 4-:{3 to 4-:i6 
feed-point iinpedunee, 4-32 t.o 4-3r> 
pottMitials aiul <Mirr<*nts, 4-36 
radiat ion roHisI nneo, 4-32 
terminal r(‘HiHliin<n‘, 4-24 
Krankliii nnt(MinaH, 4-:i6 
ground, action in pn‘Hen(MM)f, 4-7, 4-K 
modified <nirn‘nt <liHt rilnitioim, 4-26, 4-26 
rhornlne, 4-12 t.o 4-32 

ainplitudeH of Heeoinlary lobes, 4-24 
urrang(MnenlH, 4-16 
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Long-wire antennas, rhombic, beam rever¬ 
sal, 4-32 

C.C.I.R. diagrams of relative power 
distribution, 4-27 to 4-29 
cross talk between feeders, 4-33 
electrical balance, importance of, 4-33 
feed-point impedance, 4-33, 4-34 
horizontal, 4-15 to 4-26 
main-lobe orientation, 4-16 
optimum design parameters, 4-18 to 
4<26 

horizontal, high-frequency, 4-24 
orientation of pattern lobes, 4-18 to 
4-23 

radiation patterns, 4rl6 
horizontal, 4-25 
side-lobe reduction, 4-30, 4-31 

double rhombic and double rhom¬ 
boid, 4-31 

sloping, 4-26 to 4-30 
terminal resistance, 4-34 
for UIIF and VHF, 4-30 

double rhombus optimized, 4-30 
measured values for, 4-31 
single wire as unit radiator, 4-2 to 4-7 
in high-frcquoncy arrays, 21-23 
ra<liati()u patterns, 4-2 to 4-6 
field strengths, 4-6, 4-6 
formulas, 4-6 to 4-7 
with natural current distribution, 4-3 
w-ith Mtaiiding-wavo current distribu¬ 
tion, 44 

oxatrvplc of inoasuromont, 4-6 
with trav(diiig-wavo current distri¬ 
butions, 4-6 
sloping, 4rl4 

standing-wave antennas, food-point ini- 
podaiuxi, 4-:i4, 4-36 

stcrcographic. projection design charts, 

4-8 to 4-10 

coonliiiate system for sphere, 4-9 
derived from circular azimuthal angles, 

4-8 

horizontal polarization, height factor 
for, 4-13 

angles of maxima and zeros, 4-12 
radiat ion patt.oniH, 4-10 to 4-12 
V, array, 4-14 

horizont al, with single element, 4-14 
invert<‘d-V, 4-14 
sloping-V, 4-14 

vertical-V', ra<liation patterns, 4-31, 
4-32 

ineivHiir<*d (•.omparcd to Ht(*re(»grapin- 
eully computed, 4-32 
Loop auteiumM, 6-1 to 6-4 
ADF, 27-10 

with inugiu'tic coneeniratorH, 38-24 
aircraft, low-fnxpimmy, 37-11 
dormitiou, 6-1 

dircetinn-finding, 28-6 to 28-17, 28-20, 
28-21 

KM triinHiuitting, 23-4, 23-5 
radiation, patU*rn, 6-1, 6-2 
(*oor<Uiuit(*H for, 6-1 
prin(ui)ttl plane pattern, 6-2 
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Loop antennas, radiation,resistance, 6-2,6-3 
manmnm-gain loop, 6-3 
one-wavelength-circumference, 6-3 
triangnlar-loop, 28-16, 23-17 
Luneberg lenses, 13-13, 13-14, 15-3 to 16-8, 
16-18 


Machine screws, 36-25, 36-26 
Machining techniques, 36-20 
Magnetic-current elements (see Elements, 
magnetic-current) 

Mangin mirror, 15-12, 16-13 
Marker-beacon antennas, 27-27, 27-28 
Materials, 36-2 to 36-19 
absorbers, 32-38, 32-39 
epoxy-iron mixtures, 35-18 
fabrication techniques, radomes, 35-16 
metals, 36-3 to 35-11 
properties, 35-4 to 35-11 
plastics, 35-3, 36-12 to 35-18 

dielectric constant, setup for checking, 
36-17 

properties, 36-12 to 36-15 
Mattress arrays with split phasing, 26-26 
Measurements, 34-1 to 34-32 
discussion, 34-2 
gain, 84-20 to 34-26 
impedance, 34-2 to 34-12 
phase-front, 34-26 to 34-28 
polarization, 34-28 to 34-32 
radiation patterns, 34-12 to 34-20 
Metals, compatibility of, 35-29 
discussed, 36-3 to 36-11 
Michelson interferometer, 29-20 
Microwave beacon antennas, 26-1 to 26-14 
design, 26-10 to 26-13 
arrays, horizontally polarized, 26-12, 
26-13 

axially symmetric array, 26-11 
dual coaxially fed system, 26-12 
elevation patterns, 26-11 
radiation pattern, 26-13 
radiator streamlined, 26-13 
standing-wave ratios, 26-11 
three pair of slots on streamlined 
elliptical waveguide, 26-12 
vertically polarized, 26-10 to 26-12 
elevation patterns, 26-10 
low-gain system, 26-10 
discussion, 26-1, 26-2 
feed system considerations, 26-6 to 26-10 
dual feed systems, 26-9, 26-10 
coaxial, 26-10 
external feed line, 26-9 
loaded line analysis, 26-6 to 26-9 
network system equivalent to loaded 
transmission line, 26-7 
radiator elements, horizontally polarized, 
26-3 to 26-6 

multiple slots on circular guide, 

26-4 to 26-6 
cross section, 26-5 
patterns, 26-6 

tridipole radiators, 26-3, 26-4 
patterns, 26-5 


Microwave beacon antennas, radiator cl<‘- 
ments, vertically polarized, 26-2, 
26-3 

horizontal slots, 26-2 

diolcctric loading in coaxial line, 

26-2 

vertical cylinders, 26-2 to 26-4 
arrays, 26-4 

vcrticd dipoles, 26-2, 26-3 
Microwave reflectors, 13-1 to 13-14 
Mobile antennas, 22-11 to 22-14 
Models, to scale, of antennas, 2-61 
Monopole antennas, linear clcnionts, 3-21 
to 3-24 

mounted on edge of a sheet, 3-24 
radial-rod ground plane, 3-24 to 3-26 
Multiple-tuned antennas, 19-8 to 19-10 
Multi-V antennas, 23-7 
Mushroom antennas, 16-53 


NRL organ-pipe scanner, 16-25 


Omnidirectional antennas, 18-30, 18-31 
arrays, 6-2, 6-27, 5-28 
helicals compared with, 7-1 
VHF and UHF for aircraft, 27-30 to 
27-41 

Open-sleeve antennas, 27-34 
Optics, geometrical, of reflcc^tors, 12-2 to 
12-4 


Parasitic arrays, 6-6 to 6-11 
director and reflector clcmonts used, 
21-25, 21-20 

Patterns (see Kadiation, patterns) 
Pencil-beam antennas, 21^3 to 26-14 
Periscope antenna systems, 13-5 to 13-8 
Phase errors, 2-30 to 2-36 
cubic, effects on radiation patterns, 2-34, 
2-35 

square-law, effects on radiation patterns, 
2-31 to 2-33 

Phase-front measurements, 34-20 to 34-28 
hybrid, 34-28 

null detection method, 34-27 
slotted-line, 34-27 
Pillbox antennas, 12-16 to 12-18 
Pin-bed antennas, 16-28 
Pineoone antennas, 16-41, 16-42 
Plastics, 36-3, 35—12 to 35-18 
Polarization, 1-3 

Cassegrain antennas, twisting schomo, 
25-12 

circular, 17-1 to 17-20 
applications, 17-4 
discussion, 17-1 to 17-9 
electric and magneth^ antennas com¬ 
bined, 17-9, 17-10 
horizontal loop and vortical dipole, 
17-9 

slotted-cylinder antenna, 17-10 
frequency-independent antennas, 18-31 
helical antennas, 17-14 
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Polarization, circular, horn radiators, dual- 
mode, 17-14 to 17-20 
asymmetrical, 17-14, 17-16, 17-17 
differential phase shift determina¬ 
tion, 17-16 
Bcnoration of, 17-20 
incthodB of compensation for im¬ 
proved circularity, 17-16 
quadrature obtainiufr methods, 

17-17 to 17-19 

differential phase shift, 17-18 
order of preference for, 17-17 
probe phase-shifter dc^siRn, 

17-18 

suseeptance as function of probe 
penetration, 17-10 
turnstile junction, 17-10 
symmetrical, 17-14 to 17-10 
variation in cllipticity, 17-16 
polarizers, reflection-typo, 17-22 
transmission-type, 17-20 to 17-22 
parallel-dioloctric-pl ate, 17-22 
parallel-plate, 17-21 
radar precipitation-c-lutter suppression, 
17-22 to 17-24 
cancellation ratio, 17-23 
as function of polarization ollip- 
ticity, 17-23 
integrated, 17-23, 17-24 
chart form for coitiputatiou, 
17-24 

cancellation of various targets, 17-23 
reflected v^avo’e influonco on moasure- 
ment, 17-9 

similar antennas combined, 17-10 to 
17-14 

bicotii(‘al horn, 17-13 
croH.s<>d dipoles, 17-10 

d(*viuti()n of cinnilarity as f\inction 
of off-axis angle, 17-11 
croHK(td slots position vs. wavedemgth, 
17-12 

equiangular spiral, 17-12 
nu^oHured axial ratio, 17-13 
nuMiHured SWlt, 17-13 
field configuration, 17-11 
four-dipole oiniiidirectioiial antenna, 
17-13 

thiMirctical axial ratio, 17-12 
Yagi-lTda, 17-13 

wavi^H, diagrnnnnatie illustration, 17-2 
dinM'tion-finding aiitcnnan, 28-*l 
elliptical, 17-3, 34-29, 34-30 

tranHiiiissioii bctwmui tvro liiitcntuiH, 
17-6, 17-7 

(^flicicncy with various polnri/iatiotiH, 
17-8 

wavi^s, diagram III atic illust.ration, 

17-2 

horizontal, inierowavo beacon aniiumaH, 
26-3 to 26-6, 26-12, 26-13 
l(‘aky-wavc^ antiMiiias, 16-44 
liiKMir, lu'lical nnUiunas, 7-8 

wave's, diagraminutic illustration, 17-2 
long-wir<* antimmiH, 4-10 to 4-13 
nicaHun'iiu'ntK, 34-28 to 34-32 


Polarization, measurements, methods, cir¬ 
cular-component, 34-31 
comments on, 34-31, 34-32 
linear-component, 34-31 
polarization-pattern, 34-31 
perpendicular linear componeuts of 
wave, 34-29 

plotting of information, 34-32 
problems in, 17-8,17-9 
orthogonality, 17-7,17-8 
radar antennas, pencil-beam, 26-6 
reflection, 17-8 

surf ace-wave antennas, 16-22, 16-27 
surfaiui-wavc-oxcited arrays, 16-34 
synthesis, 17-5, 17-0 
elliptically polarized wave, circular 
component, lT-7 

linear components, left-hand sense, 
17-4 

right-hand sense, 17-5 
polarization chart, 17-6 
vertical, aircraft antennas, S7-32 to 27-36 
microwave beacon antennas, 36-2,26-3, 
36-10 to 26-12 

Projection, storeographic, 4-8 to 4-10 
lY“ 0 (>f of performance for inedium-frcquoncy 
broadcast antonnas, 36-31 to 20^3 
l^ropagation (see Radio propagation) 

Quadrant antonnas, 3-26 

lladar antennas, 26-1 to 36-30 
discuission, 26-2, 25-i3 
fan-beam, 25-14 to 36-13 

cut-paruboloidal H(*;ctions, 26-15,86-16 
cylindrical refloctors, 25-15 
line feeds, 25-17,25-18 
pillbox type, 25-18 
parabolic cylinder, with horn feed, 
25-10, 25-17 
with line feed, 25-17 

5()-A marine navigational, 25-10 
types, 25-15 

fi'red-horn doHigii proldcins, 25-30 to 25-33 
box horn, 26-31, 25-33 
dicl(‘cl.ri(sline(l horn, 26-Itl 
f(HKl flangi's, 25-312, 35-33 
fe('<i Hinil, 25-32, 25-3:4 
riug-foeiiH feed, 25-31,26-32 
waveguidt^H, open-eiide<l, 25-31 
gain eonHulcniiionH, 25-12 
lim^ Hour<u'H, 25-33 to 36-35 
linear arrays, 25-:44, 26-:i5 
pillboxes, 26-:43, 25-:i4 
iinix'dance, 26-35 
rcHonunt poslH, 25-«24 
lobing, 25-26 to 25-30 
lingular ri'Hohition, 36-20 
conical Hcniiiiing, 25-20,26-27 
nutiitiug f('<uiH, 25-127 
rotating feisls, 26-27 
lohe-Hwitidiing principle, 25-25 
iiifittrc'HH arrays with split phasing, 
36-20 

diagrainniatie reprosentation, 25-26 
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Radar antennas, lobing, monopulse system, 
26-27 to 25-30 
monopulse principle, 26-28 
sum and difEerence illuminations, 

26-29 

twelve-horn cluster and hybrid 
arrangement, 26-30 

pattern requirements related to applica¬ 
tion, 26-2 

pencil-beam, 26-3 to 26-14 
Cassegrain, 26-11 to 26-14 
alternate forms, 25-13 
polarization-twisting scheme, 26-12 
radiation pattern, 26-12, 26-14 
simple, with minimum-blocking 
geometry, 26-13 
center-fed paraboloids, 26-3 
example, 26-8, 26-9 

aperture tapers, affected by feed 
dimensions, 26-9 
patterns associated with, 26-10 
feed-blocking effects, 26-3 
feed-horn design, 26-8 
gooseneck feeds, 26-8 
lens antennas, 26-9 to 26-11 
mismatch-improvement techniques, 

26-3 to 26-8 

compartmented reflector, with 
hybrid feed, 26-4 
separate focal points, 26-5 
directional coupler in feed system for 
impedance matching, 26-7 
polarization-rotating paraboloid, 

26-6 

vertex plate of paraboloidal reflector, 
26-4 

offset paraboloidal sections, 26-9, 26-10 
precipitation-clutter suppression, 17-22 to 
17-24 

refllector design problems, 26-35 to 26-37 
effect of reflector errors, 26-35, 26-36 
intemipted-Burface reflectors, 26-36, 

25- 37 

transmission through grid of wires, 

26- 37 

shaped-beam, 26-18 to 25-24 
arrays, 26-24 

exponential, in broad face of wave¬ 
guide, 26-24 

cosecant antenna geometries, 26-19 
cosecant vertical-plane pattern, 26-20 
design considerations, 26-22 to 26-24 
“adjusting” procedure, 26-24 
reflectors, cylindrical with line feed, 
26-21 

vertical-plane patterns for AN/ 
APS-23 antenna, 26-21 
double curved with point feed, 26-21, 
26-22 

vertical- and horizontal-plane pat¬ 
terns, 25-23 

vertical-plane pattern converted to 
cosecant shape by electrical con¬ 
trol, 26-20 

side-lobe considerations, 26-2 
size considerations, 26-3 


Radar antennas, weight considerations, 

26-3 

Radiation, from apertures, 2-7 to 2-10 
directional antennas, 20-18 to 20-25 
permissible values, 20-18 
efficieney, high-frequency arrays, 21-22 
elements, electric-current, 2-2 to 24 

coordinate system for electric dipole, 

2-2 

coordinates for half-wave dipole, 2-3 
current distribution on short linear 
antenna, 2-3 
patterns, 2-4 

magnetic-current, 2-4 to 2-6 
coordinate system for magnetic 
dipole, 2-5 

thin, slot in ground plane, 2-5 
patterns, 1-1,1-2 

aircraft antennas, annular-slot, 27-35 
VOR, 27-38, 27-40 
apertures, 2-8 

arrays, simple arrangements with para¬ 
sitic antennas, 6-7, 6-8 
Cassegrain antennas, 26-12, 26-14 
coupled antennas, 3-19, 3-20 
curtain arrays, 21-29 

with beam slewing, 21-32 
cylinder with multiple-slot antenna, 
23-18 

dipoles, asymmetrical, 8-15 to 3-17 
biconical, 3-13 
cylindrical, 8-7 to 3-9 
with whiskers, 24-8 
directional antennas, 20-18 to 20-25 
shape, 20-18 to 20^21 
size, 20-21 to 20-25 
directivity (see Directivity, patterns) 
Dolph-Tchebysoheff distributions, 2-21 
experimental, oomer-roflector an¬ 
tennas, 11-5 to 11-7 
Franklin array, 22-7 
frequency, frequency-independent an¬ 
tennas, 18-9 

high-frequency arrays, 21-29 

curtain arrays, with beam slew¬ 
ing, 21-14, 21-32 
with tuned reflectors, 21-12 
rhombic horizontal, 21-18 
medium-frequency broadcast an¬ 
tennas, 20-18 to 20-25 
sectionalized radiators, 20-16 
vertical, 20-3 

horn antennas, biconical, 10-14 
conical, 10-11 to 10-13 
pyramidal, 10-8, 10-9 
sectoral, 10-6,10-6 
universal, 10-4, 10-6 
waveguide radiators, 10-16 
lenses, natural-diclectrie, 14-20 
long-wire antennas, 4-2 to 4-6 
rhombic, 4-16 
horizontal, 4-25 

single wire as unit radiator, 4-2 to 
4-5 

formulas, 4-5 to 4-7 
stereographic projection, 4-10 to 4-12 
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Radiation, patterns, lonff-wiro antoiinaa, 
vortical-V, 4-31, 4-32 
ineasnrod compared to ateroo- 
graphically computed, 4-32 
loop antennas, 6-1, 6-2 
nieauuroinonts, 34-12 to 34-20 
conical, 34-12 to 34-14 
coordinate system, 34-13 
^-plane, 34-12 to 34-14 
/f-plane, 34-12 to 34-14 
raiifce requircnioxits, 34-14 to 34-19 
antenna darkrooina, 34-18, 34-19 
material, 34-18 
automatic oquipinont, 34-19 
polar re<M>r(linp;, 34-20 
reetaiiKular rcMtordiiifi;, 34-20 
distant^o, 34-14, 34-16 
distortion for phase errors, 

34-15 

phase differenoo, 34-14 
raditttion-pattorn-nxoaauring 
setup, 34-14 

uniform illumination, 34-15 to 
34-18 

conducting fencos, 34-10 
field variation and femmes, 34-17 
la.vout at Kyi van ia Waltham 
LaboratorUts, 34-10 
vortieal-field (liHtribution due 
to ground reflections, 34-16 
transmittinfc-autenna rcupiireinents, 
34-19 

vertical, 34-12 to 34-14 
microwave beacon antennas, 26-6, 

26-6, 26-10, 26-11,26-13 
monopole uiihMinas, 3-22 to 8-24 
mounted on e<lg;e of a sluM^t, 3-24 
radiators, lens-type, 14-20 
H<»cti<)iialize(l, 20-15 
radonu*H, 32-3 
retfUu’tors, 2-45, 24-0 

line sourc(>H produced, 12-19 
paral)oli<'-eyliti(ler, 12-10 
paraboloidal-type, 12-9 to 12-12 
puHHiv(>, periscope antenna systernA, 
13-8 

shiiped-ls^ain, 12-23, 12-24 
rhombic antennas, hiKh'frexiuency, 
21-18 

Hhnpin« of, 2-41 to 2-40 
simple charaett^risties of, 1-2,1-!1 
slot iinKuinas, 8-4, 8-8 to 8-10 
superturnstile antemifis, 23-11 
Burfaciswave untiMinas, 16-11 
oiTe(*t of finite fcround plane on, 

16-21 

UHK communication antennaH, 22-15 
VIIF communication antennas, 22-15 
resistane<\ corm^r-ndlccaor antennas, 

11 -;$ 

din'c^iion-findinff anttMinas, 28-6 
long-wire anU^nnUH, 4-33 
loop antennas, 6-2, 6-:$ 
loop of rot atable <lireeti(>n-6nding sys¬ 
tem, 28-6 

low-frc(iuiuicy antennas, 19-3, 19-4 
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Radiation, resistance, medium-frequency 
broadcast antoniias, 20-4 
rhombic antennas, horizontal, high- 
frequency, 21-18, 21-19 
slot antennas, annular, 8-8 
half-wave radiating, 8-2, 8-3 
in finite flat sheet, 84 
notch, 8-9, 8-10, 8-16 
rectangular, 8-2 

Radiators, horn waveguide, 10-16 to 10-17 
dual-mode, 17-14 to 17-20 
lena-typo, 14-1 to 14-43 
linear element arrays, 6-11 
medium-frequency broadcast antennas, 
20-2, 20-4, 20-16, 20-22, 20-25, 20-20 
vertical oharaotcristics, 204 to 20-l(i 
microwave, herisontal polarization, 26-3 
to 26-6, 86-13 
tridipole, 26-3 

vertical polarization, 26-2, 26-3 
shunt-fod, 20-10 to 20-12 
to|>-loadod, 20-13, 20-14 
VHF and UHP communication an¬ 
tennas, 22-8, 224 
waveguide-fod slot, 0-2, 9-3 
oxpcirimoutal data on, 9-6 to 9-11 

Ra<lio propagation, 33-L to 83-27 
discussion, 38-1 
noise Uwels, 83-24 to 33-26 
averago, in 6-kc band, 33-26 
National Bureau of Standards Bulle¬ 
tin 402,33-25 

transmisHion, frco-spaco, 33-2 
ground-wavo, nmodium- and low-fre- 
quemey, 33-17 to 33-20 
antonna height-gain factor, over 
poor soil, 33-20 
over M’sa water, 38-20 
field inbtiisity, over poor soil, 33-10 
over 8c»a water, 88-19 
ionospheric, 38-21 to 83-24 
regular, 38-21 to 38-24 

diurnal variation of critical fr<^- 
queney, 83-21 

values of midday absorption, 
38-22 

scatter, 33-24 

ziKvlian Hip;nal levcds for, 33-24 
linc» of sight, 83-;$ to 83-8 
fading phcMioniciia, 33-6, 33-7 
values of fading, 33-8 
loss over plane (‘lartli, 83-6 
minimum elfeelive antenna heifi;ht, 
38-6 

probhunsat frequencies alK>ve 1,000 
Me, 83-7, 38-8 

tropospheric, Ixeyond line of sight, 
33-H to 83-17 

ImildingH, effcctH of, 38-17 
difTrncUon, 33-9 to 33-14 
loss, 33-10 

knife-edge, 33-12 
n<lativ(^ to frcH^-spa<t(^ trans- 
ikUHsion, 38-11 

transinission loss vs. eh^raueo, 
83-i;$ 
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Hadio propagation, transmission, tropo¬ 
spheric., experimental data be¬ 
yond horizon, 33-14 to 33-16 
fading characteristics, 33-16 
median signal level vs. distance, 
33-14 

hills, effects on short paths, 33-16, 
33-17 

distribation. of shadow losses, 

33-16 

refraction, 33-9 
trees, effects of, 33-17 
Radio-telescope antennas, 29-1 to 29-24 
brightness, 29-4 

observed distribution and effect of 
antenna smoothing, 29-7 to 29-11 
classihcation, by antenna design, 29-15 
by application, 29-15 
by beana shape, 29-16 
fan, 29-16 
pencil, 29-16 
by mounting type, 29-15 
coordinates, 29-3, 29-4 
galactic, 29-3 

coat comparisons 'with differing apertures, 
29-18 

definition, 29-1,29-2 
equivalent temperature and calibration, 
29-6 to 29-7 

receiver connected to matched resistor 
and to antenna, 29-6 
examples, Cambridge University, 
England, 29-18 

Naval Research Laboratory, Washing¬ 
ton, D.C., 29-17 
Ohio State University, 29-19 
functions, 29-2 

interferometers, 29-20 to 29-23 
Lloyd’s mirror, 29-22 
lobe width bet’ween first nulls, 29-21 
multiunit, 29-21 

phase-switching crossed-fan-bcani ar¬ 
rangement, 29-22 

thirty-two-unit in Sydney, Australia, 
29-22 

two-unit Michelson, 29-20 
optical telescope analogy, 29-2 
patterns, broadening, 29-10 
observed, 29-9, 29-10 
in polar coordinates, 29-8 
power, 29-12 

in rectangular coordinates, 29-8 
source distribution, 29-9 
true, 29-9 

position, 29-3, 29-4 

altazimuth mounting, 29-3 
celestial equator, 29-3 
declination, 29-3 
epoch, 29-3 

equatorial mounting, 29-3 
hour angle, 29-3 
hour circle, 29-3 
meridian, 29-3 
right ascension, 29-3 
vernal equinox, 29-3 
power flux density, 29-4, 29-6 


Radio-telescope antennas, range, 29-13 to 
29-15 

resolution, 29-11 to 29-13 

as function of aperture in wavelengths, 
29-13 

Rayleigh angle, 29-12 
resolution-limited telescopes, 29-16 
sensitivity, 29-13 to 29-16 

sensitivity-limited telescopes, 29-15 
types, 29-16 to 29-20 
meridian transit, 29-16 
search, 29-16 
tracking, 29-16 

units used in radio astronomy, 29-7 
Radomes, 32-1 to 32-35 
abrasion, 32-3 

aerodynamic problems, 32-36 
airborne, 32-4 

possible shapes, 32-2 
applications, 32-4 
classification, 32-4 
discussion, 32-2 to 82-4 
electrical problems, 82-2 
erosion, 32-3 
fabrication, 36-16 
functions, 32-2 
ground-based, 32-4 
half-wave wall, 32-4 
heating, 32-3 
icing, 32-4 

leaky-wave antennas, 16-44 
losses, 32-22 

materials, 32-29 to 32-36 
dieloctrio constants, 32-30^ 
foamed-in-placo construction, 32-30 
loss tangents, 32-30 
for sandwiches, 32-32, 32-33 
for single walls, 32-31 
mechanical problems, 32-3, 32-3 
normal-incidence, 32-4 
design, 82-12 to 32-18 

tolerances in half-wavolongth thick- 
nesaesof homogenoouH panels, 32-16 
transmission loss, 32-17 
radiation patterns, 32i-3 
refraction, 32-31, 32-22 
sandwich, 32-23 to 32-29 

design curves, 32-25 to 32-28 
materials, 32-32, 32-33 
skin-refloction coeffleiontB, 32-24 
shape, 32-4 

single-wall, 32-4 to 32-23 
lossless case, 32-5 to 32-11 

vs. dielectric constant and inci¬ 
dence angle, 32-13 
insert phase of plane she(‘t, 32-14, 
32-16 

reflection coefficients, constant, con¬ 
tours, 32-9 to 32-12 
over-all, 32-8 
power, 32-7 
materials, 32-31 
polarization, parallel, 32-6 
perpendicular, 32-6 
small, for matching feed horns, 32-22, 
32-23 
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Radomcs, stiffness, 32-3 

streamlined, 32-4, 32-18 to 32-21 
extreme polarizing angles, 32-21 
grazing incidence, 32-21 
paths of rays, 32-19 
ray tracing to determine pattern distor¬ 
tion, 32-20 
strength, 32-3 
testing, 32-33 to 32-35 

antenna pattern measurements, 32-34 
phase measurement in free space equix)- 
ment, 32-33 
radome error, 32-34 
structural, 32-35 
VSWll measurements, 32-34 
thin wall, 32-4, 32-11, 32-12 

maximum permissible thickness, 32-16 
wall structures, 32-4 
water absorption, 32-3 
weight, 32-4 

Ilam’s-horn antenna, 27-39, 27-40 
Random errors, 2-36 to 2-40 
continuous ap(‘rtur(!s, 2-39, 2-40 
average system pattern, 2-41 
spurious radiation, 2-40 
discrete element arrays, 2-36 to 2-39 
side-lobe distribution for 26-cleinent 
broadside array, 2-38 
theoretical offcot of error currents on 
radiation patterns, 2-38 
RCA organ pipe scanner, 15-26 
Receiving antennas, effective area, 2-14,2-16 
transmission between two ant(snnas in 
free space, 2-15 
high-frequency arrays, 21-34 
TV, 24-1 to 24-31 

RoficctorH, corner-reflector antennas, ll-l 

to 11-10,13-9 to 13-13, 24-27 to 24-29 
high-frc<iueney, 21-20, 21-27 
doul>ie curved, 12-21 to 12-23 
geometry, 12-21 

foods, fr(»<iu(»iicy-indeiK)ndont antennas, 
18-26 to 18-:U) 

fre<iiieiiey-H('!ttiming, 15-22, 16-23 
gri<l-typo, 11-4 

horn-paraboloid system, 12-24 
line sources prodiKUMl, 12-16 to 12-19 
antennas, double-pillbox, 12-18, 12-19 
transition regions, 12-18 
half-pillbox, 12-17, 12-18 
sixnple-pillbox, 12-16, 12-17 
slot 12-17 
gain, 12-19 

radiation patterns, 12-19 
parabolie-eylinder, 12-13 to 12-16 
double unttuinas, 12-15, 12-16 
gain, 12-16 

line-Houree feeds, 12-13, 12-14 
I)oint-Houree fe<Mls, 12-14,12-15 
ra<liatioii patU^rii, 12-16 
tili(‘(l, 12-15 
paraholie-torvis, 12-22 
patterns from, 16-22 
paral)oloi<lal, 16-19 to 16-21 

beam faetor from c>xpiTiinentul data, 
15-21 


Reflectors, paraboloidal, extended feeds, 
12-23 

patterns from, with feed displaced from 
axis, 16-20 

for radar antennas, 25-3, 25-9, 25-15 
to 26-17 

parabololdal-type, 12-4 to 12-13 
asymmetrical cut, 12-7, 12-8 
beam factor, 12-9 

vs. focal length to aperture diameter 
ratio, 12-10 

beamwidths off axis, 12-9 

feed and reflector interaction, 12-6, 

12-7 

feed horn off focus, 12-8, 12-9 
gain, 12-12, 12-13 

vs. focal length to aperture diameter 
ratio, 12-13 

radiation patterns, 12-9 to 12-12 
sido-lobe level as function of illumi¬ 
nation, 12-11 

table of functions for computation, 
12-11 

ratio of focal length to aperture diame¬ 
ter vs. subtended angle at focal point, 

12-5 

space attenuation vs. feed angle, 12-6 
universal foed-horn pattern, 12-5 
for parasitic arrays, 6-8, 21-25, 21-26 
passive, 13-1 to 13-14 
corner clusters, 13-13 
dihedral corner, 13-9, 13-10 
doubltv-mirror systems, 13-1 to 18-5 
Lunol>Qrg-len8,13-13, 13-14 
response patterns of, 13-14 
for mierowavo targe^ts, 13-8 to 13-14 
oharaeteristicH of various typos, 

13-10 

construction (^rror effoe.t on perform¬ 
ance, 13-12 

threw ('.oriuw angle's and e<ed\e> re- 
spouse, 13-12 

offoe^tivc are'll, de'finitiou of, 13-9 
scat tearing cre>HS se'e'lion, d(i(uut.ie>n 
of, 13-9 

simplei surfaeM^s, 13-9 

porise^eipe' antemuu systenns, 13-5 tei 
13-8 

for e'urve^d ele'vate'd refloeiteir, 13-7 
gain For plane e'le*vat.eul refle^eit.or, 

13-7 

radiation put.te'riiH, 13-K 
repe'atc'rs for inie^rowave, 13-2 
layenit for elenible'-inirror, 13-4 
variatiem e>f mirror lemgtli, 13-4 
variaiiem e)f se-iparation Uawe'.en two 
mirrors, 13-5 

single'-mirreir systenuH, 13-1 to 13-5 
Hingli'-surface^ fe)r mieTowave' reday 
syHle'ms, 13-1 to 13-8 
irilu'elral enirner, 13-U)te» 13-12 
eiffeM't e)f shapei e)f, 13-11, 13-12 
effe'cl ive an'u of, 13-11 
ray paths of, 13-11 

pe)iiii-se)uree' to line'-soureei, 12-26, 12-27 
g(M>me'try e)f IClpar surfaeMi, 12-26 
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Reflectors, point-source to point-source, 
12-26, 12-26 
geometry of hyperbola reflection, 12-25 
for radar, 25-3, 26-9, 26-15 to 26-17, 2W5 
to 26-37 

compartmented, 26-4 
reflector-type high-gain antennas, 12-1 
to 12-28 

design principles, 12-1 to 12-4 
geometrical optics, 12-2 to 12-4 
relationships in parabola with unit 
focal length, 12-3 
vector representation of wavefront 
and reflector surfaces, 12-3 
radiation patterns, 2-46, 2-46 
rotating, in direction-finding antennas, 
28-23, 28-24 
scanning, 16-19 to 15-23 
ooma-corrected, 16-13, 16-14 
screen-type, 24-15 to 24-17 
for curtain arrays, 21-13 
shaped-beam antennas, 12-19 to 12-24, 
26-21 to 26-22 

cylindrical with line feed, 26-21 
design considerations, 26-22 to 26-24 
double curved with point feed, 26-21, 
26-22 

gain, 12-23, 12-24 
radiation pattern of, 12-23,12-24 
shielded, 12-24, 12-26 
singly curved, 12-19 to 12-21 

feed and pattern angle relationship, 
12-20 

spherical, 16-21 
surface tolerances, 35-20 
torus, 16-21, 16-22 

tuned, for curtain arrays, 21-10 to 21-12 
wide-angle, 12-27, 12-28 
Yagi-TJda arrays, single-channel for TV 
receiving, 24-19 

Rhombic antennas, 4-12 to 4-33, 24-26, 
24-27 

horizontal, high-frequency, 21-17 to 21-23 
{See also Long-wire antennas) 

Ring antennas, 23-7, 23-8 
Robinson scanner, 15-23,16-24 


Salisbury screen, 32-36, 32-37 
Sandwich-wire antennas, 16-36 to 16-38 
Scale models of antennas, 2-61 
Scanning antennas, 15-1 to 16-31 
arrays, 16-28, 16-29 
circular, 1^29 

FH-MTJSA scanner, schematic, 16-28 
beam scanned from line source, 15-2 
conical, for radar, 26-26, 26-27 
feed-motion systems, 16-23 to 16-27 
focusing objectives used, 16-2 
leaky-wave antennas, 16-44,16-46 
lenses, concentric, 16-10, 16-11 
dielectric, 16-14 to 16-16 
artificial-dielectric, 15-16 
geometry, 16-16 
symmetrical-dielectric, 16-16 
wide-angle, 16-16 


Scanning antennas, lenses, Luneberg, 16-3 
to 15-8 

constant-thickneBS, 16-18 
construction methods, 16-8 
geodesic analogue, 15-6 to 16-8 
rays on surface and variable-index 
region, 16-7 

geometry of cross section, 16-3 
linear aperture, 15-4 
small-feed-circle, 15-5, 15-6 
comparisons, 16-7 
two-dimensional, 16-4 
virtual-source, 16-4, 15-5 

experimental and calculated data, 

15- 5 

ray paths, 16-4 
metal-plate, 16-16,15-17 

path-len^h correction, 16-17 
two-point correction, 16-17, 16-18 
optical axis, 16-14 to 15-19 
Schmidt, 16-12 
variable-index, 16-18, 16-19 
line-source systems, 16-27 to 16-29 
optical analogues, 16-11 to 16-14 
Berti system, 16-13 
Mangin mirror, 16-12, 15-13 
Schmidt lens, 15-12 
geometry, 16-12 
Schwarzschild system, 16-13 
Zeiss-Cardioid, 16-13 
geometry, 15-13 
principles, basic, 16-2,16-3 
reflectors, 15-19 to 15-23 
coma-corrected, 16-13, 16-14 
scanners, concentric-lcus, 16-10, 16-11 
pillbox system, 16-11 
Foster, 15-27, 16-28 
choke barrier, 16-28 
hehcal-slot, 15-26,15-27 
Lewis, 15-23 
limitations, 15-3 
NRL organ pipe, 15-26 
prism, 16-24, 16-25, 16-27 
RCA organ pipe, 15-20 
Robinson, 16-23, 16-24 
sectoral organ pipe, 15-26 
surfacc-of-rcvolution, 16-8 to 16-10 
conical, geometry, 16-10 
cylindrical, 16-10 
geometry of general ray, 16-9 
tape, 16-20 
tilting-planc, 15-24 
types, 16-2, 16-3 
virtual-source, 16-24 
surface-wave, 16-22 
surfacc-wave-excitod arrays, 16-34 
symmetrical systems, 15-3 to 16-11 
corrocted-feed, 15-11 

rotating correcting lenses in parallel- 
plate system, 16-11 
three-waveguide coupling system, 

16- 11 

Schmidt lens, 16-12 
Schwarzschild system, 16-13 
Screen-reflector-type antennas, 24-16 to 
24-17 
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Sense antennas, 27-21 to 27-27, 28-25. 28-26 
Shaped-beam antennas, 12-10 to 12-24, 

26-18 to 25-24 

Shaping of radiation patterns, 2-41 to 2-46 
linear arrays, 2-42 to 2-45 
cosecant shaping, 2-44 

aperture distributions, 2-45, 2-46 
synthesis, 2-44, 2-46 
loss of gain a function of reflector error 
and correlation interval, 2-42 
uniformly illuminated aperture, 2-43 
reflector-type antennas, 2-45, 2-46 

schcTiiatic of extended feed system, 2-46 
Shunt-fed antennas, aircraft, 27-18 to 27-21 
medium-frequency broadcast, 20-10 to 
20-12 

Simple-pillbox antennas, 12-16, 12-17 
Skirted antennas, 22-5 to 22-7 
Slot antennas, 8-1 to 8-16 
annular, 8-8, 8-9, 27-35, 27-36 
admittance of, 8-14 

graphs of conductance and suscept- 
anco, 8-14 

coordinate systoin, 8-8 
radiation charaoteristics, 8-8, 8-9 
vertical-plane patterns, 8-8 
arrays, 9-1 to 9-18 
design, 9-11 to 9-16 
edge-shunt-slot, 9-16 

conductance and depth of cut, 9-17 
longitudinal-shunt-slot, 9-14 to 9-16 
waveguide slot, 9-11 to 9-14 
equivalent-network roprosonta- 
tion, 9-12 

oloctroforming, 35-22 
eqiiivnl<Mit-n(*tw()rk reprosontations, 9-4 
iinpcdanc<^ 9-3 to 9-5 
power-handling capabilities, 9-17, 9-18 
radiators, wavegui<le-f(*d, 9-2, 9-3 
experimental data, 9-5 to 9-11 
edge slots, 9-8 to 9-11 
conductances, 9-9 
configuration, 9-0 
roHoiiant length and resistances, 
9-11 

variation of a<lmittane<% 9-10 
longitudinal shunt slots, 9-5 to 9-8 
admittance as fuiie.tion of fn*- 
quene.y, 9-5 

admittances eharaet<TiHti<'H, 9-0 
resonant comlvK^tanec as func¬ 
tion of disphuHTueiit, 9-7 
resonant <v)ii(luctanec as func¬ 
tion of frc(iucney, 9-H 
resonant length as function of 
(lisphu'C’iiKmt, 9-6 
resonant hmgth as function of 
fn‘<im'ney, 9-7 

nonrndiiiting slots in walls, 9-3 
radiating slots in walls, 9-3 
surface curnMit <listribution, 9-2 
HcrieH-Hl(*t, 9-16, 9-17 
axial, in circular cylinder, 8-4 to 8-8 
azimuthal patt(*rnH, 8-6 
configuration, 8-5 
phas(\ 8-7 


Slot antennas, FM transmitting, 23-0, 23-7 
half-wave radiating, in finite flat sheet, 

8-4 

polar diagrams, 8-5 
radiation characteristics, 8-4 
in infinite ground plane, 8-2 to 8-4 
near field, 8-3, 8-4 
field attenuation, 8-3 
phase and amplitude contours, 8-4 
radiation field, 8-2, 8-3 

principal plane field diagrams, 8-3 
leaky-wavo, 16-47 to 16-49 
microwave beacon, 26-2, 26-4 to 26-6, 

26-12 

notch, 8-9, 8-10 
configuration, 8-9 
impedance, 8-15 
radiation, pattern, 8-9, 8-10 
resistance, 8-15 
rectangular, 8-1 
bandwidth, 8-13 
oavity-backod, 8-12 to 8-14 
configuration, 8-12 
T-fcd slot antenna, 8-13 
small, in infinite ground plane, 8-2 
single, in fiat metal sheet, impedance, 

8-10 to 8-12 

methods for lowering slot resistance, 
8-12 

Burfa(‘.c-wavo-oxcitod arrays, 16-33, 16-41 
TV transmitting, 23-17 to 23-20 
wavoguide-loadod, 16-26 
Slotted-cylindor antennas, 23-0, 23-7 
Slotted-ring antennas, 23-15, 23-16 
Smith chart, 31-4, 34-^, 34-9 
Spinning techniques, 36-21, 85-22 
Square-loop antennas, 23-4, 23-5 
Stacked antennas, 6-17, 6-18, 24-24, 24-25 
Stacked arrays, 5-2 
Stcr(M>graphic projection for long-wire 
antennas, 4-8 to 4-10 
Stretching technupies, 35-21, 86-22 
“ Supergain " antennas, 2-50 
S\ip(TturnHlilc antennuH, 23-8 to 23-12 
Surfaetv-wave autciumis, 16-1 to 16-42 
back-fire, 16-15, 16-16 
definition of terms, 16-2, 16-3 
<lcHign priiK'.iplcH, 16-10 U) 16-22 
arruyH, area Hourcc^s, 16-20 
lim‘ HourccH, 16-19, 16-20 
terminal plains illumination, 16-19 
bandwidth, broad pattern, 16-15, 16-17 
beam shaping tcchnicpics, 16-21 
beam width, minimum, 16^14 to 16-16 
f(M‘<lH, 16-17 to 16-19 
types of, 16-18 

gain, maxiimim, 16-12 to 16-16 
ndat iv(*-phaHc velocity, 16-13 
polarisat ion, lin<*ar and cdreulur, 16-22 
radiation, 16-10 to 16-12 
amplitude, 16-12 
pattern, 16-11 

<*lT(‘et of finite ground plane, 16-21 
taper, body, 16-11 
feed, 16-11 
terminal, 16-11 



INDEX 


26 

Surface-wave antennas, design principles, 
scanning, 16-22 

sidelobe level, minimum, 16-16 to 
16-17 

parasitic side rows for suppression, 
16-16 

discussion, 16-2, 16-3 
hybrid wave defined, 16-6 
parameters, calculation, 16-8,16-9 
corrugated-metal surface, 16-9 
interrelationship, 16-4 to 16-7 

field structure above interface, 16-0 
geometries, 16-4 

phase and amplitude contours, 16-6 
measurement, 16-9, 16-10 
structures (specific), 16-22 to 16-28 
cigar antennas, 16-26 
phase velocity, 16-26 
corrugated surface, 16-27 
phase velocity, 16-28 
dielectric image lines, 16-24 
dielectric rod, 16-23, 16-24 
feed, conventional, 16-23 
phase velocity, 16-23 
dielectric sheets and panels, 16-26, 


Surface-wave-excited arrays of discrete ele¬ 
ments, structures (specific), 16-34 to 

dielectric-image-line-excitod two- 

dimensional slot array, 16-41 
dielectric rod or imago line with disp- 
continuities, 16-40 
dielectric wafer, 16-40, 16-41 
pinecone antenna, 16-41, 16-42 
sandwich-wire antenna, 16-36 to 16-38 
cross sections, 16-37 
normalized element conductance 
and relative amplitude, 16-37 
phase velocity, 16-37 
stepped dielectric strips, 16-40, 16-41 
trough-guide antenna, 16-38 to 16-40 
phase velocity, 16-39 
types, 16-39 
turnstile, 16-41 

two-wire line with proximity-couple<l 
dipoles, 16-34 to 16-36 
normalized clement conductance, 
16-36 

types, 16-36 


16-27 

circular polarization, 16-27 
Fakir’s bed antenna. 16-28 
pin-bed antennas, 16-28 
phase velocity, 16-28 
waveguide-loaded slot array, 16-26 
phase velocity, 16-26 
Yagis, 16-26 

phase velocity, 16-24 
zigzag antennas, 16-25,16-26 
types, 16-10 
waves, hybrid, 16-6 

properties and measurement, 16-4 to 
16-10 

trapped, 16-2 

Surf ace-wave-excited arrays of discrete ele¬ 
ments, 16-28 to 16-42 
design principles, 16-28 to 16-34 

aperture distribution controlled, 16-30, 
16-31 

matched transmission line, charac¬ 
teristic admittance, 16-30 
array synthesis, 16-31, 16-32 

normalized element conductance, 
16-32 

arrays of line sources and area sources, 
16-33, 16-34 

parasitic excitation of two-dimon- 
sional slot, 16-33 
V arrangements, 16-33 
beam shaping, 16-31, 16-32 
beamwidth, 16-32 

direction of main beam, 16-28 to 16-30 
dependence of angle on pc^rinissilde 
Bpucings, 16-29 
gain, 16-32 

measurement of element conductances, 
16-31 

polarization, circular, 16-34 
scanning, 16-34 
sidelobe level, 16-32 


Tchebyscheff transformer, 31-14 to 31-17 
Television (see TV) 

Transformers, binomial, 31-12 to 31-14 
line, 31-9, 81-10 

frequency sensitivity, 31-12 
for matching to resistance, 31-10 
quarter-wave, 31-11, 31-12 
cascaded, 31-12, 31-13 
stub combinations, 31-20 to 31-22 
Tchobysohoff, 31-14 to 31-17 
Transmission lines, 30-1 to 30-18, 30-34 to 
30-42 

coaxial, 30-4 to 30-13 
connectors, 30-34 

standard types, 30-35, 30-30 
discontinuities, 30-34 to 30-38 ^ 
capacitive disc.ontiuuity, 30-tH 
flexible, 30-7 to 30-13 
attenuation, 30-13 
characteristics, 30-8 to 80-12 
power-handling capacity, 30-13 
semiflcxible, 30-7 
solid conductor, 30-4 to 30-7 
bead-supported, 30-7 
configuration, 30-5 
types, 30-7 

helical center (jonductor, 30-0, 30-7 
parameters, 30-4, 30-5 
stub-supported, 30-7 
connectors, 30-34 
compensation, 30-39 
design, 30-39 
grooved bead, 30-38 
standard type's, 30-35, 30-30 
for curtain arrays, 21-15 
with beam slowing, 21-31 
discontinuitioH, 30-134 to 30-41 
discussion, 30-2 

high-frequency arrays, 21-15, 21-31 
impedance, 30-3 
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Transmission lines, medium-frequency 
broadcast antennas, rcquiromonts, 
20-29 

open-wire, 30-2 to 30-4 
itnpcdaiuio, 30-4 
strip, 30-14 to 30-18 

diRcontinuitioH, 30-37, 30-38 
impodanoc, 30-15, 30-16 
microBlrip, 30-15, 30-16 
iinpcdaiice, 30-16 
symmetrical, 30-l(> to 30-18 
attoiuiation, 30-17 
hijshor modt^H, 30-17 
imi)(ulanc(^, 30-10 
stubs, impedance niatchinii;, 31-9 
surfa(‘.e wav(s 30-29, 30-30 
conductor loss, 30-^^() 
with launclu'rs from coaxial line, 30-20 
surface-wav<M»xcited arrays, 10-30 
transitions, dominant-mode, in unbal¬ 
anced line, 30-40 
wavefcuide to <;oaxial-line, 30-38 
TV, 20-33, 20-34 

wires in differemt-shapod eiKilosuros, 
30-14 

balanciul wire pair, 30-14 
impedance, 30-14 
single wire, 30-14 

{See (ilso Impedance, matching; Wavo- 
giiides) 

Transmissioti in radio propagaiioii («ec 
Uadio propagation, tranHinission) 
Transmitting antennas, KM, 23-1 to 23-8 
transmission liiu's, 20-33, 20-34 
. TV, 23-1 to 23-4, 23-8 to 23-20 
Trav(*ling wav(* antennas, 16-1 to 16-57 
Triang\ilar-l(»op ant<ninas, 23-10, 23-17 
Trougii-guide aniemnas, 16-38 to 16-40, 
16-40 to 16-51 
Turnstile antennas, 16-41 
TV ehannels, VUK, allocation, 24-2 
TV rt'ceiving antennas, 24-1 to 24-31 
arrays, siniph*, 24-11 to 24-15 
design, 24-12 
h'cd system, 24-13 
gain, 24-12, 24-13, 24-15 
typ<*H, 24-14 

broadband, 24-3 to 24-11 
dipoles, bieoiiieal, 24-25, 24-26 
eoIIiiKMir, 24-<l, 24-7 
iiiip<Mlane<‘, 24-6 
fan-typ<*, 24-4 to 24-<l 
held pat1<Tn, 24-5 
gain, 24-5 

impedaiuM* eharaet<'risti<'s, 24-5 
V antenna and, 24-4 
fat, 24-4 

folded, li(*ld pntbTiis, 24-4, 24-9 
length, 24-3 

low-l»nnd, 24-8 to 24-10 
fiehl pattern, 24-9 
imp(‘dane(‘, 24-9 
full-wiiv<', 24-7, 24-8 
impedanee, 24-7 
mult imode, 24-3 to 24-11 
systinn diseussed, 24-4 
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TV receiving antennas, dipoles, triangular, 
24-25, 24-26 
gain, 24-26 
geometry, 24-26 
with whiskers, 24-8 
radiation patterns, 24-8 
discussion, 24-1 to 24-13 
scroen-rofloctor-typo, 24-16 to 24-17 
configuration, 24-16 
gain, 24-16 

relation between grid-wire size and 
spacing, 24-17 

screen width effect on front-to-back 
ratio, 24-16 

stacking problems, 24-24, 24-25 

equivalent-stacking connections, 24-24 
four-bay stacking, alternative method, 
24-25 

tripolos, 24-9 to 24-11 
feed system, 24-10 
field pattern, 24-9, 24-11 
gain, 24-11 
impedanee, 24-10 
UHK channels, 24-25 to 24-30 
corncr-refloctor-typo, 24-27 to 24-29 
field patterns, 24-30 
gain, 24-30 

measured-gain characteristics vs. 
grid length, 24-28, 24-29 
grid tubing spacing detorminod, 

24-28, 24-29 
impedance, 24-29 
gain, 24-30 

measured-gain characteristics vs. 
grid length, 24-28, 24-29 
grid tubing spacing determined, 24-28, 
24-29 

rhombic antennas, 24-20, 24-27 
gain, 24-27 

V antennas, 24-26, 24-27 
gain, 24^27 
Yagi antenna, 24-20 
Yagis, broadband, 24-19 to 24-24 
gain, 24-19 to 24-23 
hairt)in-typ(f duul-chann(d, 24-19 
high-front-baek-ratio antenna, for 
VIIK low hand, 24-22 
iijt(*rlae(ul high- and low-band, 24-23 
Hingle-ehannel, 24-17 to 2419 
gain, 24-17 

refi(*etorH, arrang<unents of, 2418 
IMIK ehunuel us(s 2429 
TV transmitting antennas, 23-1 to 23-4, 
23-K to 23-26 
a<‘<’esHories, 23-23, 23-24 
eylindcT with tmilti]>le slots, 23-17 to 
23-19 

details, 23-18 
radiation pal.t<‘rn, 23-18 
discussion, 23-1 to 23-4 
fotir-slot, 23-19, 23-20 
cross sections, 23-20 
helix. 23-14, 23-15 
<letuils, 23-14 

imiltipU'-antetma installations, proldems, 
23-21,23-22 
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TV transmitting antennas, restrictions, 
height, 23-3 
maximum power, 23-3 
slotted-ring, 23-16, 23-16 
development, 23-16 
“ supergain,” 23-13, 23-14 
details, 23-13 

superturnstile, 23-8 to 23-13 
development, 23-9 
feed systems, bridge diplexer, 23-12 
schematic, 23-23 
notch diplexer, 23-12 
schematic, 23-23 
radiation patterns, 23-11 
transmission lines isolated from medium- 
frequency radiators, 20-34 
triangular-loop antennas, 23-10, 23-17 
UHF television, 23-17 to 23-19 
helical, 23-20, 23-21 


XJHF antennas, communication (see VHF 
and UHF communication antennas) 
long-wire, 4-30 „ . 

omnidirectional, for sdrcraft, 27-30 to 
27-41 

television, receiving, 24-26 to 24-30 
transmitting, 23-17 to 23-19 
helical, 23-30, 23-21 
Umbrella antennas, 19-11 
Unidirectional VHF antennas for aircraft, 
27-27 to 27-30 


INDEX 

VHF and UHF communication antennas, 
design considerations, inter¬ 
ference, 22-16 to 22-18 
attenuation curves, 22-17 
receiver, desensitization, 22-17 
spurious response, 22-17, 22-18 
transmitter spurious emission, 22-17 
typical curves, 22-16 
radiation pattern distortion, 22-16 
frequencies, principal operating, 22-2 
mobile, 22-11 to 22-14 

bumper-mount, 22-13, 22-14 

high-gain, 460-Mc coaxial antenna, 
22-13 

cowl-mount, 22-14 

disguised antenna, 22-14 
polarization dispersion, 22-14 
rooftop, 22-11 to 22-13 
configurations, 22-11 
directive-antenna system, 22-12 
cardioidal patterns, 22-12 
testing, 22-14 
rhombic antennas, 4-30 

double rhombus optimized, 4-30 
measured values, 4-31 
system characteristics, 22-2 
VHF long-wire antennas, 4-30 
VHF television channels, allocation, 24-2 
VHF television receiving antennas, 24r22, 
24-23 

VLF antennas, 19-12 to 19-16 
umbrella, 19-11 
VOR antennas, 27-37 to 27-40 


V antennas, ^14, 4-31, 4-32,13-33, 21-23 to 

21- 26, 24-4, 24-26, 24-27 

VHF aircraft antennas, omnidirectional, 
27-30 to 27-41 

unidirectional, 27-27 to 27-30 
VHF and UHF communication antennas, 

22- 1 to 22-20 

base-station, 22-2 to 22-11 
collinear array, 22-8 
mast-mounted, 22-9 
series-fed, 22-8 
directional, 22-8 to 22-11 
types, 22-10 
ground-plane, 22-4 

simulation for mast-mounted verti¬ 
cal antennas, 22-4 
skirted, 22-5 to 22-7 

coaxial, center-fed half-wave dipole 
with choke, 22-5 
evolution of multiple-skirt, 22-6 
gain in decibels, 22-6 
vertical Franklin array, 22-7, 22-8 
modified, development, 22-7 
radiation patterns, 22-7 
vertical radiator, 22-3, 22-4 
resonant resistances, 22-3 
design considerations, 22-14 to 22-19 
coupling, 22-18, 22-19 

antenna configuration for computing, 
22-18 

coverage, 22-16, 22-16 


Wave, hybrid, 13-6 
leaky, 13-2,16-3 
surface, 13-2, 13-3 
trapped, 13-2 

Waveguides, 30-1, 30-18 to 30-34 
biconioal, 30-27 to 30-29 
chokes, 80-22, 30-23, 30-34 
circular, leaky-wave antennas, 16-47 
dielectric, 30-30 

configurations, 30-32 
conversion chart, 30-31 
guide wavelength vs. diameter for 
polystyrene waveguide, 30-32 
image line, 30-34 
launcher, 30-33 
loss, 30-32 

as function of phase-velocity reduc¬ 
tion, 30-31 

vs. diameter for polystyrene wave¬ 
guide, 30-33 

discontinuities, 30-34 to 30-41 
discussion, 30-2 
-fed, slot radiators, 9-2, 9-3 
experimental data, 9-6 to 9-11 
flanges, 30-22, 30-23, 30-34 
hollow-tube, 30-18 to 30-26 
circular, 30-20 to 30-24 
cutoff constants, 30-21 
field configurations, 30-20 
flexible, 30-24 to 30-26 
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Waveguides, hollow-tube, formulas, attenu¬ 
ation constant, 30-21 
cutoff constant, 30-21 
propagation, 30-18, 30-19 
rectangular, 30-19, 80-20 
field configurations, 30-19 
standard, data, 30-22, 30-23 
ridged, 30-^ 

admittance of, single, 30-27 
configurations, 30-24 
cutoff wavelength for, double, 30-26 
single, 30-25 
standard sizes, 30-24 
irises, 30-40, 3041 

suBccptanco, asymmetrical, 3040 
capacitive, 30-39 
symmetrical inductive, 30-39 
leaky-wave antennas, 1647, 1648 
metal-plate lenses, 14-31 to 14-39, 16-16 
to 15-18 

microwave beacon antennas, 26-12 
open-ended, in radar, 26-31 
posts, 3040, 3041 

circuit parameters of, 3040 
radar antennas, 26-24, 26-31 
radial line, 30-27 to 30-29 
quantities of, 30-28 

radiators, horn antcniuiH, 10-15 to 10-17, 
17-14 


Waveguides, rectangular, leaky-wave 
antennas, 1647 to 1649 
slot antennas, 9-11 to 9-14, 16-26 
trough, 30-26, 30-27 

cutofi wavelength, 30-28 
{See oZso Transmission lines) 
Welding, 36-24 to 36-28 
Wind-loading data, 36-2 
Wire antennas, 27-12 to 27-16 
long-wire, 4-1 to 4-37, 21-23 
single-wire, 4-2 to 4-7, 4-14, 21-23 
transmission lines, 30-14 
Wullenweber antennas, 28-21, 28-22 


Yagi-Uda arrays, 6-24 to 6-27 ^ 

broadband for television receiving, 24-19 
to 24-24 

circularly polarized, 17-13 
single-channel for telovision receiving, 
24-17 to 24-19 

of surface-wave antonnas, 16-25 
UlIF television receiving antennas, 
24-29 


Zoi»s-Cardioid reflector system, 16-13 
Zigzag antennas, 16-26, 16-26 



